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THEORETICAL ASPECTS OF GRAFTAGE 


R. H. ROBERTS 
University of Wisconsin 


INTRODUCTION 


The grafting of plants is a very ancient art. W.T. Chang (con- 
versation, 4-16-45) reports that peach varieties were mentioned in 
Chinese writings as early as 1560 B.C. The presence of these 
varieties implies propagation by graftage. Graftage was discussed 
understandingly by Aristotle (384-322 B.C.), Theophrastus (372- 
287 B.C.), Cato (234-149 B.C.), Varro (116-27 B.C.) and others 
of their times. Working in the proper phase of the moon is some- 
times a part of their recomended technique, and application of dung 
mixtures to the graft union was prescribed by some of the earliest 
writers. When we discarded this latter method we lost the benefit 
which the auxins contained in urine and manure mixture can con- 
tribute to the union of some stocks and scions (112, 208, 277). 
Su-lih reports in considerable detail suitable stocks for pears and 
plums in China about 500 A.D. (63). 

The basic types of grafting and budding used today were described 
by Lawson in 1660 (227) and illustrated by Sharrock in 1672 
(369). A list of 119 kinds and variations of grafting was described 
by Thouin in 1821 in his “Monographie des Greffes” (Cyclop. 
Amer. Hort., p. 661). This publication may have had great influence 
upon the extensive technical researches of Daniel 70 years later, 
especially since many of his results appear to have been largely 
conditioned by the grafting technique employed. 


USES OF GRAFTAGE 


The historical uses of graftage are so diverse and interesting that 
the taking of space to list the more common ones seems justifiable. 
Graftage is most commonly employed to reproduce plants which 
have desirable flower, fruit or foliage characters, or products (as 
drugs, resins [264] or latex [399]), but which do not come true 
from seeds, or do not reproduce readily from cuttings, layers, 
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stolons, tips, efc. Other uses are: to change stature (either dwarfing 
[303] or invigorating) ; to change form, as by grafting a weeping 
variety upon a tall trunk; to adapt plants to wider climatic ranges, 
as by the use of hardy fruit tree stocks for more tender tops of 
varieties of better quality (116, 228, 273, 285, 411) ; to adapt de- 
sirable sorts to more soil types by using stocks of different soil 
preference (41, 110, 147, 324, 359) ; to hasten the fruiting of slowly 
bearing seedlings through grafting scions upon mature bearing 
plants (390, 434, 475) ; to change the variety of an undesirable 
kind planted by mistake (250); to grow several varieties, as of 
apples, upon a single stock, as in the urban yard; to “improve 
quality”; to form natural braces for weak crotches (240) (two 
branches twisted together may form a “natural graft”) (105, 262, 
282) ; to produce ornamental arbors; to provide a pollen source 
for self unfruitful varieties (most apples) or dioecious species 
(448) ; to immunize from diseases (145, 316), as a fire blight-free 
pear stock and root system (322) ; to evade insect pests (77, 104, 
187, 188, 368), as some apple aphids (23, 157) ; to secure better 
root systems, as with roses; to avoid stocks which tend to sucker 
(66, 114), particularly plums and shrubs, as Cotoneaster and Vi- 
burnum ; to repair rodent or disease injury or poor unions (124) 
by bridge grafting (191,470) or inarching (141, 158, 269, 307, 308) 
with newly planted small trees; to transmit disease (virus varie- 
gation effects) ; to transmit the flower-inducing stimulus; to retard 
flowering ; to aid pollination (468) ; to “create” new varieties; to 
study plant histology, transport and polarity (asymmetry) and to 
culture some “aborting” embryos. 

Interest in graftage has developed along two rather separate 
lines, one being the technical aspects in the field of botany and the 
other the applied usages in agriculture, particularly horticulture. 
Both viewpoints have furnished a large amount of literature on 
theoretical aspects, but in general they have been published in differ- 
ent channels. Neither field has contributed much, aside from nega- 
tive evidence, toward a solution of the important problem of the 
factors involved in the compatibility of stock and scion. 


BOTANICAL CONTRIBUTIONS 


Most of the papers on graftage by botanical workers have been 
concerned with either graft hybrids or the transfer of elaborated 
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substances, particularly alkaloids, between stock and scion. Some 
papers have appeared on such subjects as inter-species or generic 
grafts, polarity of tissues, disease transfer, serological studies and, 
more recently, transfer of the stimulus-to-flower by grafting. 

Successful grafting can be done on lower forms of plants, as 
algae (283), mosses and selaginella, as well as with the herbaceous 
monocots (267, 298) and dicots and woody gymnosperms and 
angiosperms. 

Inter-grafting. Inter-grafting between species, genera, families 
or even orders is a topic of occasional interest. This interest seems to 
spring from an assumption that plants which are widely separated 
in their systemic classification have incompatible physiological dif- 
ferences. That some widely separated forms can be successfully 
grafted loses much of its interest when it is noted that it is common 
for closely related forms, as two apple varieties, to be uncongenial 
although the reciprocal graft is highly successful (428), or that 
two strains of a single variety show unlike compatibility to a single 
variety of stock (386, 422). Various similar cases of physiological 
incompatibility in closely related plants will be referred to in the 
later discussion of incompatibility. 

Historically, inter-species as well as inter-genera grafts are regu- 
larly in use in horticultural practice with apples, pears, peaches, 
plums, roses, shrubs, and other ornamentals. The instances of such 
grafts in experimental work are far too numerous to justify being 
listed. Random examples are Daniel’s experiments (82a), cotton 
and related species (24), olive on Syringa vulgaris (60), water 
cress on cabbage (83), Chrysanthemum on Artemisia abrotanum 
(113), tomato on different genera (204), Humulus (353), Sola- 
num and Iresine (381). 

Genetic differences appear to form no consistent basis for graft 
incompatibility (476). 

Frequent cases of inter-family grafts are reported (478). When 
attempting to transfer the yellow’s disease, Kunkel (222) had shoots 
from aster buds on peach which lived for as much as two months. 
Natural grafts are reported between families under forest conditions, 
especially root grafts (105, 282). A natural graft of a monocot 
and a dicot is recorded (166), but no vascular connection was 
formed in this union. The cases of dodder and mistletoe, while 
not considered as being grafts, are instances of natural unions of 
widely separated forms giving physiological exchange. 
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Obviously the technique of grafting plants even of widely differ- 
ent clasification is not of itself an essential, if even a valuable, 
procedure in a search for the basis of compatibility. 

Graft Hybrids. The “graft hybrids” of botanical literature are 
not hybrids but chimeras. They are mixtures of tissue from two 
grafted plants, and arise at the point of union from an adventitious 
bud which forms from the callus tissues of both the stock and scion. 
These chimeras may appear naturally (17, 61, 72, 188, 457, 458), 
for example, after the frosting back of a scion (426) or from the 
heteroploid cells which are found in callus tissue (197), from cul- 
tural accidents which result in callus formation or from deliberate 
cutting off of a scion at the point of union to induce the formation of 
shoots from callus tissues at the union.* The two tissues may 
have one or more of three types of arrangement, appearing in the 
cross section view of the stem as wide or narrow (mericlinal) 
segments (sectorial chimeras), in layers with one so-called “parent” 
covering the other (periclinal chimeras) or with a mixed pattern 
(hetero or mixoclinal chimeras) (354, 357). 

The periclinal nature of graft hybrids was deciphered by the 
cytological studies of Baur (19, 20) and has been verified by others 
(138, 362). 

No instances of cell fusion have been demonstrated from a study 
of graft unions, although United States patent No. 2,048,056 was 
issued in 1936 with that “discovery” as a basis for producing 
hybrids. The failure of cells to fuse at a graft union clearly defines 
the impossibility of producing so-called sexual hybrids by grafting. 

An historical discussion of graft hybrids seems to be unnecessary 
for two reasons. One is the numerous reviews or discussions, as 
by Swingle (405), Jones (196), Krenke (219), Winkler (461) 
and others (11, 49, 58, 127, 138, 169, 172, 195, 276, 329). A second 
reason for practically omitting an historical discussion of graft 
hybrids is that the work of Sansome (354), Jorgensen (197) and 
Crane (198), Baker (13), Blakeslee (31, 32) and Satina (356,357) 
on heteroploid plants and the ready production of chimeras by 
agents such as colchicine (106) has removed the prime interest in 
the use of grafting as a method of securing chimeras. The deter- 


* Recent work with adenine to produce shoots from callus tissues suggests 
the possibility of using this technique to increase the numbers of chimeras 
which might be secured from graft callus (384a.) 
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mination that callus tissue contains heteroploid cells, even though 
in small numbers, makes understandable the erroneous argument 
of Strasburger (396) that plant chimeras are sex hybrids because 
of the chromosome numbers he counted in the callus tissue. 

Graft chimeras were of interest in a study of the origin of plant 
organs in the layers of the apex of the stem (224). For example, 
seedlings from graft hybrids are like the sub-epidermal “parent”, 
since the origin of the gametic tissue is deep (354, 356). Material 
for such studies can be produced practically at will by the use of 
colchicine, making the more laborious and much less certain grafting 
technique no longer of much interest for that purpose (13, 19, 20, 
138, 224, 358, 362, 396, 462, 463, 464). 

Graft chimeras may also be produced by grafting split stems, as 
potato eyes (9, 173), lilac buds (181) and others (456, 457). 

The numerous “hybrids” which Daniel and others have pro- 
duced when grafting belong to another type of phenomenon. These 
interesting cases will be reviewed and discussed towards the end 
of this paper in a consideraticn of various problems of graftage 
which deserve further investigation. 

Graftage and Polarity—Grafting can possibly be used to learn 
more of the relations of anatomy to transport and growth. 
Vochting (388) found that cubes cut from beets did not unite 
properly when replaced in a rotated position. He showed that both 
longitudinal and radial orientation were important to good unions. 
Reversed polarity also gives “poor unions”. This fact has been 
used to produce scion-rooted fruit trees (203) ; when a scion is set 
on an inverted piece root the union is poor and roots form from 
the scion above the union. 

Poor growth is made by a graft when the scion is set in an in- 
verted position (338, Fig. 28). Poor growth is also made by a 
yearling apple tree if it is ring-grafted with the ring of bark in an 
inverted position (342). It is believed to be significant that this 
dwarfish growth has a character different from that of the poor 
growth which follows girdling. 

If these results involved conditions of transport they would 
bring into question the conclusion of Zimmerman (479) that 
“living cells do not determine direction of flow of materials”. In 
the ingenious graft experiment from which he made his deduction 
the plant tissues were in normal gravitational positions. 
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White (454 and correspondence Dec. 7, 1943) doubts “that the 
grafting technique offers much promise for the study of tissue 
cultures themselves”, although it is “an important step in studying 
the various plant tumors” (455). More recent studies by de Ropp 
report the successful grafting of callus tissue in vitro and the failure 
of inter-species grafts (106ca). 

Transport of Materials. The matter of the transfer of specific 
substances across a graft union has been frequently investigated 
for the past 50 to 60 years. A fair summary of the literature would 
seem to be that transfer depends upon whether the substance being 
investigated is naturally occurring in the scion and stock being used 
(215, 216). An illustration of this generalization is seen when 
artichoke and sunflower are grafted together, for the artichoke con- 
tains inulin whether it is scion or stock, and the sunflower charac- 
teristically contains starch (79, 436). 

Examples of transfer are too numerous to list, particularly in 
cases of mineral substances, as potassium, magnesium (137), 
soluble solids (238) and boron (108). Transfer seems to be 
dominated more by the scion in some combinations and by the stock 
in others, but there would appear to be no general rule involved. 
A particularly interesting situation is reported by Hofmann (178) 
and Richmond (328) that seedlings from bean grafts can be cross- 
inoculated, whereas the graft components can be successfully in- 
oculated only with their specific bacteria. 

Reports of failure to secure transfer of substances are especially 
numerous. Some examples are: hydrocyanic acid did not appear 
in fruits of cherry or cherry laurel (72) ; starch was not present in 
cabbage (which stores fat) when grafted with turnip (79) ; antho- 
cyanin difference of bean varieties remained the same after grafting 
(178) ; likewise, red and white beets did not change color (24a) ; 
the latex content of Hevea remained quantitatively different (179), 
as did the surgar content of beets (285) and the alkaloid compo- 
sition of Derris (194) ; molybdenum was present in the apple stock 
Malling IX but not in the Lane’s Prince Albert scions (334) ; the 
red color of the Hopa crab wood remains specific (341-343, 469) ; 
and grafting of male and female plants of bittersweet (Mercurialis 
annua) did not change the sex (467). 

Much attention has been given to another case of transfer, that of 
the alkaloids of the Solanaceae. The long argument seems to have 
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been brought to a close by the discovery that nicotine is formed in 
the roots (98-101, 363). Peacock et. al. (294) state that Stras- 
burger’s (393) assumption that alkaloids originate in the leaves 
delayed progress 50 years until in 1941 Krajevoj and Nechaev 
(218), Hieke (168) and Dawson (97) showed that it is synthesized 
in the roots. 

Some alkaloids are formed in the leaves, as anabasine by Nico- 
tiana glauca (100), and by the leaves of the stock in lupine grafts 
(274). Transfer depends upon whether they are naturally oc- 
curring in both graft components. 

The failure of materials foreign to a specific plant to pass a 
graft union raises the question, which will be discussed later, as to 
the significance of graft effects. 

Transfer of the Stimulus-to-Flower. One of the newest uses of 
grafting involves transfer of a material, the unidentified substance 
which induces flowering (51, 71, 143, 162, 220, 270-272, 284). 
This technique consists of approach-grafting a flowering plant (the 
donor) on to a non-flowering plant of the same species (the re- 
ceptor) with the expectation that the latter will be induced to flower. 
Several known factors influence or determine the success of the 
gperation: physiological contact is needed, the leaf area on the 
receptor should be reduced, the flowering habit of the species is 
important and inter-species grafts fail. 

Moshkov (275) reports that Perilla grafts must be in “physio- 
logical contact” for a continuous period of ten days to effect a 
transfer of the flowering stimulus. The Withrows (465) found 
that a four day contact is needed with Xanthium grafts, and Heinze, 
Parker and Borthwick (162) state that a similar period of contact 
is requisite to a successful transfer of induction with Biloxi soy- 
bean grafts. The passage of the induction stimulus through a 
“diffusion membrane” would be contrary to the above reports. 
The case reported (143) may be questioned, since the material used 
was lens paper. This is sufficiently porous to permit cell contact of 
the callus tissues through the open spaces in the unevenly and 
loosely woven fibers (465). 

It is common experience that the presence of leaves on the re- 
ceptor plant greatly delays or prevents its induction (52, 54, 143). 
In Xanthium removal of the fruits from the donor also favors 
transfer. 
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Successful induction by grafting seems to require plants which 
have a systemic blossoming habit (345). Plants which have only 
terminal blossoms, as poinsettia, Knondyke cosmos, Salvia var. 
Harbinger and stock var., Christmas Pink, will not induce by 
grafting or by photoperiod treatment of one of the branches. 

Grafts between species made to induce flowering have been re- 
ported to be unsuccessful (162, 284). One seems obliged to defer 
judgment on some experiments conducted with Hyoscyamus niger 
(258), since this species, or at least its strains, appears to make a 
much stronger reaction to temperature than to photoperiod. Inter- 
pretations of data on this plant, which are available to date, might 
prove to be misleading. 

Single mature leaves from flowering plants will induce another 
plant following grafting, if the species selected and other conditions 
are favorable (51, 143, 270). 

Disease Transfer. Grafting provides a successful means of 
transferring virus diseases (144, 221), especially when they are 
not easily carried in sap injections or by feeding insects (175, 252, 
449). Some transfers of peach yellows are affected in as short a 
period as five days (222), although at other times “within ten 
weeks” (408). One disease is said to be transmitted by grafting, 
but not by budding (175). The ease of transfer of disease by graft- 
ing is a serious hazard with some horticultural crops (38, 200, 315, 
321), especially when latent viruses are encountered (261, 312). 

Variegations due to virus conditions are transferred by grafting 
(18, 64), and some “chimeras” may be similarly involved (34). 

Resistance to graft transfer is genotypic in at least some 
cases (33). 

Serological Studies. The idea that the compatibility of plants 
for graftage can be determined by such a technique as the pre- 
cipitin reaction has been rather extensively investigated (67-70, 
125, 131, 210, 212, 214-216, 305, 331, 376, 378, 379, 453). It is 
stated that some Solanaceous species acquire an immunity against 
certain antigenic agents of the other graft component, but definite 
evidence that plants are able to form antibodies seems to be lacking. 
Others report that there may be no change in immunity, or that in 
some combinations even a loss of precipitins occurs (210, 212). 
The problem is complicated, since pathological conditions may be 
interpreted as evidence of antibody action (215). Mineral ac- 
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cumulations may also give an incompatibility condition comparable 
to some antibody activity (378). It seems that a precipitin type of 
test has little value in studies of compatibility (305 and correspond- 
ence March 29, 1943, 453). 


AGRICULTURAL CONTRIBUTIONS 


The studies on graftage by workers in agriculture have largely 
been in connection with a search for solutions to practical problems, 
such as those of hardiness, soil adaptation and control of stature. 
They have, however, yielded data of theoretical importance and 
contributed to a better definition of the nature of graft influence. 
The practical phases of graftage will not be reviewed here; these 
have been well discussed in a number of bulletins from Agricultural 
Experiment Stations and in similar publications, particularly upon 
propagation (1, 59, 288, 364, 46, 471). 

Numerous papers have been written upon the suitability of differ- 
ent stocks for various fruit crops, as apples (116, 146, 149, 201, 223, 
245, 371, 391, 425), pears (62, 148, 414, 416), cherries (42, 47, 
135, 183, 193, 254, 310), plums (2, 75, 151, 153, 154, 423), peaches 
(192, 311), apricots (386), quince (424), grapes (25, 35, 126, 236, 
241, 323, 410, 431) and citrus (5, 16, 46, 56, 140, 190, 269, 309, 
360, 383, 407, 447). 

Shrubs are extensively grafted (184, 349, 432, 450, 472) as are 
also evergreens (263). 

Nut groves are commonly planted with grafted trees (12, 26, 319, 
320, 384). The tung tree (246) and even some cottons (24) are 
being propagated by graftage. Interest is increasing in the graftage 
of tropical fruits and plants, as cacao, coffee, mango and rubber 
yielders (50, 118, 248, 287, 291, 301, 351, 359). 

Graftage is so old an art that little new in techniques appears, 
although frequent titles list “new” methods. Two ideas do partic- 
ularly deserve mention. These are the employment of a special 
adhesive tape to restrict callus growth and prevent galls on bench 
grafted apples (330) and the use of cotyledons to nurse avocado 
embryos (412). It is not argued that either of these would be 
found to be entirely new if sufficient search of the literature was 
made. They are, however, examples of new procedures in practical 
propagation. 

Compatibility. The question of compatibility of stock and scion 
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is in some respects the largest question of graftage. As to the 
solution of the problem, the situation remains much the same as 
Argles stated it in 1939 (8). “There is unfortunately as yet no 
means of determining in advance of experience what stocks and 
scions will be compatible or incompatible nor with what severity 
any incompatibility will be manifest”. 

We are not concerned with shades of meaning which may be 
expressed by words somewhat synonymous to compatibility, as 
congeniality or adaptability (186). By compatibility it seems best 
at present to refer to the long time success of a graft for economic, 
esthetic or scientific purposes. Anything less is incompatibility, 
partial compatibility, delayed incompatibility or some similarly 
expressed condition. This viewpoint considers compatibility as any 
inter-influence between stock and scion and not merely effects 
arising directly from the union. 

Rough unions or unequal growth in diameter of stock and scion 
have been blamed for incompatibility conditions (37, 102, 165). 
It is common experience, however, to see successful grafts with 
such “defects” (79). 

It seems a safe conclusion to state that dwarfness as a result of 
grafting is not due to incompatibility (372). 

The complex nature of the problem of finding an answer to the 
question of compatibility may be seen from the following list of 
phenomena which are examples of the difficulties involved: 

a) The success of apple piece-root grafting changes with the 
age of the piece-root used as the stock. Roots from yearling seed- 
lings give complete success ; roots from the same lot of seedlings if 
two or three years old commonly yield no more than 10 percent of 
successful unions. Probably cambial activity is involved (130). 

b) Some plants, as Bechtel crabs, propagate successfully when 
budded, but not when grafted. 

c) One stock and scion combination may be highly successful and 
the reciprocal combination wholly worthless (28, 102, 164, 189, 
333, 344). 

d) Strains of a single apple variety may show different reactions 
to the same stock (387, 421, 422). 

e) “Delayed” incompatibility of what may have been considered 
a successful graft combination for even several years is frequently 
reported (14, 150, 182, 290, 327, 373). This situation becomes 
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particularly serious in cases like the development of blossom end 
rot of pears on certain stocks as late as the time peak production is 
approached (95, 163). 

f) Some plants should be grafted at the collar of the stock and 
not below it (375). 

A number of factors have been named from time to time as impor- 
tant to compatibility : 

a) The statement that etiolated plants can not be successfully 
grafted (80) is not in line with the report of grafting pea seedlings 
in the dark (452) or the use of grafting in studying the development 
of tissues in in vitro culture (455). 

b) It has been found that it is sometimes an advantage to cut 
the scion so that the top bud (with its apical dominance) is in line 
with the point of callus union to take advantage of the more rapid 
flow of sap in a vertical line. This benefit seems to be important 
only when growth conditions are not good (337, 401), but of little 
value under optimum conditions for the new graft to grow (123). 

c) Ease of water conductivity through the union has been 
suggested as one factor in compatibility of stock and scion (63, 139). 

d) Interrupted nutrition is a common suggestion used to explain 
incompatibility (65). This condition appears to be met with 
especially in cases where a disease-resistant stock is involved (253). 

e) Incompatibility has been found when there is a marked differ- 
ence in the starch content of the stock and scion (367). In some 
cases the deduction was faulty because one or the other component 
was a storer of fat or inulin instead of starch. 

f) Failure of the reciprocal graft of geranium on tomato is ex- 
plained as due to exosmosis to the acid geranium (466). A similar 
situation involved the osmotic pressure interaction of the albu- 
minoids (332). 

g) Protein specificity has been reported to be a factor in the 
success of a union (377, 380). 

h) Virus disorders may enter into some cases of “chimeras” and 
“incompatibility” situations (34). 

t) The scion was girdled by one case of disorder at the union 
in a walnut graft (365). 

7) Acompatible union may be secured by retaining some branches 
on the stock when top-working apples (257). 

k) The top-working of cherries was successful for one worker 
when done in late September, but not in the spring (237). 
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l) Climate is blamed for the success or failure of grafts in differ- 
ent geographic locations. Examples are the successful grafting of 
Duchess d’Angouleme pear on quince in England and the United 
States and its failure in Germany, or the failure of sour orange as 
a stock in South Africa and Java but its success elsewhere. In the 
latter case the interesting explanation has been offered that the 
difficulty is due to the deficiency of rare elements and not to climate 
(16, 57, 120, 247). 

m) Compatibility of stock and scion appears not to be due to the 
parentage relations of stock and scion (225), but is strongly re- 
lated to anatomical characters (278). 

The nature of the union has received much consideration (40, 41, 
48, 76, 88, 122, 199, 211, 251, 259, 281, 286, 304, 306, 355, 394, 
446). These studies are generally of more interest to students of 
anatomy than as contributions to the theories regarding graftage. 
Typical considerations are ontogeny of tissues at the union (76), 
presence of plasmodesma (48), tyloses (88), cell inclusions (281), 
cytoplasmic content (394), origin of callus (211) and tannin for- 
mation (251). There is, of course, no fusion of cells at the callus 
union, 

A disappointing feature of the studies on compatibility is that no 
basis has been found upon which to forecast the success of a pro- 
posed stock and scion combination. The nearest to a guide is that 
the relative season of growth is important to the success of a graft. 
Baltet (14) states that the scion and stock should have the same 
starting season (perennials) but that if there is a difference, the 
scion should be later. The hope that this might be a rule for prac- 
tice disappears if we accept Lindemuth’s report that poor trees can 
be expected if a late starting sort is grafted on an early starting 
kind. The reciprocal graft is successful. Our observation with 
apples has been that an early fall (wood) maturing variety grafts 
well on an early, but not on a late maturing kind. The late sort 
will succeed on an early or a late one (344). More examples are 
needed to give this “rule” validity. 

Stock Influence. The large item of interest in graftage from 
the agricultural standpoint has been stock influence. Only the 
theoretical aspects of this problem will be reviewed. The practical 
implications can be obtained from a number of publications (7, 36, 
44, 62, 77, 103, 126, 140, 149, 236, 241, 269, 314, 316, 323, 326, 338, 
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339, 340, 350, 370, 383, 384, 407, 420, 428, 447). Dwarfing stocks 
have been a special center of interest (27, 29, 55, 347, 398, 417, 
440). The argument has also been advanced that clonal stocks 
produce a more uniform orchard population than seedling stocks. 
Much evidence has accumulated recently showing that trees are not 
appreciably more uniform when grown on vegetatively propagated 
stocks than on seedlings (6, 392, 397, 402, 429). An explanation 
of why this is so will be delayed until after the theoretical 
nature of stock and scion influence is reviewed. 

One of the commonest theories used to explain the fact that a scion 
variety grows differently on different stocks has been that of altered 
mineral uptake. In this connection it has been repeatedly shown 
that the same variety on different stocks “requires” different ferti- 
lizer applications (3, 121, 155, 174, 202, 235, 295, 334, 335, 430, 
437). Attention has also been called to the poor flow of water past 
the unions with a dwarfing stock (at least with some scion varieties 
[444]). 

An important advance in the understanding of stock effects with 
the apple was the finding that this effect is localized in the stem por- 
tion of the stock (338, 404). That is, a scion variety responds 
differently when grafted directly upon a piece of root than upon 
the stem of a seedling or upon a rooted stem cutting. It has also 
been shown that long pieces of apple roots planted so that a portion 
is above the soil and in the light, permitting development of green 
pigment and assumption of “stem characters”, produced effects 
similar to those of stocks which were grafted on the stems (unpub- 
lished data.) These observations suggest that stock effects are 
problems of transport. 

Further evidence that transport may be responsible for some 
stock effects is supplied by the results with ring grafts. A typical 
stock influence can be produced in apples by grafting a ring of 
bark upon a yearling tree (341-343, 469). In this connection it 
appears that the particular influence upon transport involves the 
carbohydrate materials (313, 323, 388). The data of Colby support 
this probability (74). It may be significant that the deduction that 
“root stock effects cannot be explained on the basis of the chemical 
characters examined” was arrived at without analyzing for carbo- 
hydrate content (445). The sugar content of citrus fruits did 
not vary with some stocks (382). 
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The strong growth of one apple variety (e.g. Fameuse) on a 
stock (Malling IX) which is very dwarfing for another variety 
(as Whitney) becomes understandable when the carbohydrate 
nutrition is considered (344). It is common experience for stocks 
to have opposite effects upon the vigor of different varieties (176, 
242, 427). 

Some stock effects provide interesting theoretical items: 

a) Apple trees on dwarfing stocks usually grow as vigorously as 
those on standard stocks while in the nursery row (418). 

b) Time of blossoming is often changed by stock influence (152, 
443) as are also fruit content (177) and maturity (256, 292, 346). 

c) The so-called invigorating effect of a stock (171, 302) raises 
an interesting question as to whether the growth of a scion varietv 
has really been improved or whether a certain stock merely provided 
an opportunity for optimum growth. For example, a “southern” 
apple variety, as York, grows poorly in the nursery in the climate 
of a northern latitude when grafted on seedling piece roots; but 
some stocks, particularly a semi-dwarfing or dwarfing kind, mark- 
edly improve the growth of this variety in northern locations. 

d) The production of “vegetative hybrids” (10, 204), ‘‘new 
species” (91, 92), etc. by graftage is a subject to be discussed later. 

e) Graftage may change the anatomical structure of a scion (85), 
but this is probably not different from a condition produced by 
changes in nutrition. 

f) The marked variation in vigor of apple grafts in the nursery 
row (123, 337) is a very interesting unsolved problem. It is ob- 
viously in part a scion source question and may be closely associated 
with the reason why spurs or branches along a one-year shoot are 
so variable in length. 

g) The “permanence of size differences” which arises in the 
nursery and continues in the orchard (361) can be expected to 
disappear if the planting is carried at an optimum instead of a 
marginal cultural level. It is common experience for small nursery 
trees to produce fine orchards under proper cultural treatment. 

h) The climatic range of annuals (228, 385) or perennials (115) 
can be extended by grafting. 

t) The effect of stocks upon susceptibility (268) or resistance to 
disease had best be investigated from the viewpoint of scion-host 
effect as well as stock influence. 
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j) A white-flowered hibiscus which does not root readily can be 
made easy to root from cuttings after grafting it upon an easy-root- 
ing red variety (433). 

The observation of Zebrak (478) that the “physiological changes 
(in the scion) are not directly due to grafting” is probably well 
taken. This possibility will become more clear after the review of 
the topics of scion influence and double-working is completed. 

Scion Influence. Historically, the fact that the scion may exert 
a marked influence upon the amount, character or color of the root 
system of the stock has been well known for at least a hundred 
years (128). This fact was largely lost sight of in the active in- 
terest in apple stock effects in England in this century (146, 147, 
149). Since 1927 (337) scion influence, as well as stock influence, 
has again been given attention (15, 142, 289, 338, 389, 400, 402, 
404, 409, 439), even with herbaceous forms (249). 

In the same fashion that the stem portion of the stock can be 
said to be the seat of stock influence, the stem of the stock is like- 
wise the factor which most often determines the expression of scion 
influence. When a scion variety (apple) is budded or grafted upon 
the stem of a seedling or clonal stock (rooted stem), especially a 
dwarfing stock, little to no evidence of scion influence upon the root 
system of the stock is apparent. On the other hand, if the scion is 
grafted upon a piece of root (without stem) the subsequent de- 
velopment of the roots is markedly affected in amount, type, an- 
atomical character, or even health by the scion variety (21, 22, 
338-340, 400, 404, 411). Botanically, the influence of the scion 
upon the anatomical structure of the roots (338) is particularly 
interesting. 

Various attempts to obtain more productive orchards by prop- 
agating from high-yielding trees have given conflicting results (78, 
96, 300). An understanding of this question is more concerned 
with the relations of vigor and character of growth to blossom 
induction than to a possible grafting influence. The marked differ- 
ence in physiological condition of scions from biennial varieties in 
alternate years is enough of a factor to produce differences in growth 
of grafts to sometimes, under some conditions, give evidence that 
productivity is “transmissible”. Under other growing conditions 
the physiological difference of the scions would be eliminated very 
soon and the precosity difference lost. 
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Changing the color of potato tubers by grafting on a variety of a 
different color (265) was not obtained by the intergrafting of the 
red varieties Triumph and Red Warba with the white varieties 
Rural New Yorker and Katahdin (unpublished data). However, 
the marked effect which cultural treatments, as photoperiod and 
temperature, have upon the coloring of some varieties of potato 
tubers suggests the possibility that scion influence might with some 
varieties and under some growing conditions alter tuber coloring. 

Scion influence may increase the cold hardiness of a stock (117), 
obviously through maturation phenomena. 

Double-working. The demonstration that the scion variety 
dominates the root development (337, Fig. 11) when the scion is 
grafted upon a root but may have little influence if a portion of 
stem intervenes, as in seedlings or rooted cuttings (337, Fig. 12), 
led to the deduction that stock effects are localized in the stem 
portion of the stock. This raised the question of the practicability 
of producing stock effects by double-working instead of using the 
more expensive operation of vegetative propagation to produce 
stocks ; why not graft the stock variety upon a piece-root and then 
graft or bud the scion variety upon the stock graft? It has been 
clearly demonstrated that stock effects can be produced with this 
technique (28, 39, 45, 136, 167, 171, 205-207, 243, 244, 255, 338, 
415, 419, 441,442). Practically this method of propagation is used 
to secure resistance to cold (117); to diseases, as fire blight of 
pears, collar rot of apples, cherry buckskin disease and cherry gum- 
mosis ; to insects like wolly aphis ; and to nematodes. 

Intermediate stocks can be used to effect a successful stock and 
scion combination which is incompatible when grafted directly to- 
gether (134). 

The effects of double-working upon productivity are similar to 
those from using clonal stocks from vegetative propagation. Also, 
similar incompatibilities and differences in responses of reciprocal 
grafts are experienced (156, 344, 452). 

“Neutral” Stocks. When working with intermediate stocks it 
became apparent that some stocks do not alter scion influence upon 
root development (344, Fig. 9). 

Also, some clonal stocks yield to scion influence (344, Fig. 7). 
This failure to show typical stock effects was described as being due 
to a “neutral” stock. This phenomenon, whatever it should be 
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called, makes understandable some reports of condradictory results 
from double working as well as from the use of clonal stocks (15, 
230, 231, 344, 348, 439). 

Several interesting theoretical items are suggested by the neutral 
stock situation : 

a) The uniformity of trees in an orchard propagated upon seed- 
lings is obviously due to the failure of the miscellaneous collection 
of seedlings to exert stock influence. No definite measurement has 
been made of the percentage of apple seedlings commonly used as 
stocks in the United States which show a positive stock effect. It 
is doubted that it would prove to be as high as two or three percent, 
at least in trees sold after grading for nursery sale. Inspection of 
trees in the nursery row reveals relatively few cases of incompati- 
bility or obvious stock influence. 

b) The usual vigorous growth of nursery and young orchard 
trees on what appear to be neutral (non-positive) stocks indicates 
that good vigor is not due to an “invigorating” effect of the stock 
but merely to the lack of a dwarfing effect. 

c) A given stock may show a lack of influence (at least dwarfing 
influence) upon one scion variety, but have a marked effect upon 
another one. 

We may now consider the theoretical viewpoints of the English 
reports with a possibility of better understanding and appraising 
them. The selection and classification of the various vegetatively 
propagated stocks for apples yielded strains which greatly helped 
in the commercial production of trees with different vigor habits 
and resultant adaptations to different practical uses (146). Along 
with this work the argument developed in England that trees on a 
clonal stock would be uniform in vigor and productivity. This was 
important because of the usual variability of orchard trees budded 
on the seedling stocks regularly in use there. Scion influence was 
considered to be unimportant. In time it became apparent that the 
theoretical expectations were not all realized. Some stocks behaved 
differently on different soils (147) : some varieties, as Cox’s Orange 
Pippin and Lane’s Prince Albert, showed “reverse vigor” on two 
stocks; “delayed incompatability” was encountered; and some in- 
stances of scion influence were found (149). 

It appears possible that the recorded uniformity of trees propa- 
gated at the East Malling Station was as much due to the influence 
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of the heading back of the yearling trees too near the ground and 
the practices followed in grading the stocks, as it was to the use of 
clons as stocks, or more so. (338, Chart II, and Fig. 26). 

The much greater variability of trees propagated on seedlings 
in English orchards leaves us with the question of whether the Eu- 
ropean seedlings are more positive in their effects than the American 
ones. Since both countries formerly used “French seedlings” as 
stocks, cultural differences, as the age at which grafting was done, 
appear still to be a factor in the unlike performance in the two 
countries. 

One other theoretical consideration affects the deductions from 
experimental work, especially in England. This is the observed 
but not too well measured probability that the commercial varieties 
grown in England have a narrow physiological range. That is, 
from climatic, geographic or other limitations, the varieties are much 
alike physiologically as compared to American varieties of wide 
temperature, seasonal, climatic and geographic adaptation. It was 
seen in a trial of eight English varieties that the widely different 
scion effects, such as are secured when American kinds—Tetofsky, 
Whitney, Fameuse and Winesap—are used as scions, were not 
found (unpublished). The root systems on piece-root trees when 
one year old were much alike except in volume for the following 
kinds: Beauty of Bath, Bramley’s Seedling, Grenadier, Grieve, 
Lane’s Prince Albert, Newton, Tyler’s Kernel and Worcester. 


DISCUSSION 


The failure of stock and scion to exchange specific substances 
not common to each, casts doubt upon graftage being a means of 
producing any physiological condition not to be duplicated by the 
use of environmental factors or combinations of factors, as geo- 
tropism (for orientation), temperature, photoperiod, shade, gir- 
dling, defoliation and fertilizing. If not, grafting is then only a 
technique to be used to produce experimental material and not a 
special problem to be studied theoretically. Has a stock a specific 
influence or it is merely another environmental factor? Winkler 
maintained that specific influence from grafting had not been proven 
(459), and Griffen (133) considers graftage effects not different 
from “nutritive variations”. Zebrak has similarly concluded that 
physiological changes resulting from grafting are not due to grafting 
“as such” (478). 
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If this apparently correct view be taken, we have the problem 
of rationalizing results as reported by Daniel (79-92) and others 
(10, 43, 107, 160, 161, 170, 211, 213, 217, 265, 317, 318). They 
state that grafting produced such effects as altered fruit shape and 
flavor, changed seedling development, reduced pollen fertility, and 
“created” new varieties. If the graft union is looked upon as an 
environment, its effects would vary from very good (compatible 
union) to very poor (quite incompatible). It is common experi- 
ence for plants to show variability and abnormalities under un- 
favorable environments which permit unusual genetic expression. 
In a review of environmental influences Hiesey states further that 
“recent developments in the experimental alteration of chromo- 
some number, the causing of chromosomal rearrangements, and the 
induction of mutations through temperature effects [296], aging of 
seed [278], radiation [129], drugs and growth hormones[30, 109, 
132, 280], now make it clear that external factors may produce re- 
arrangements or changes in the germ plasm. While there is no 
acceptable data at the present time to show that natural environ- 
ments directly induce changes that become fixed in heredity, the 
possibility of externally induced hereditary changes through some 
action on the germ plasm must now be admitted”. A poor graft 
union provides an environment suitable for the production of plant 
variability. At least that seems to be the view which should be 
taken of ‘“‘questionable” results of grafting until more is known 
of the effects of environment upon the expression of plant characters. 

The effect of dwarfness upon the productivity of a fruit tree has 
made it an interesting perennial question. The real problem is, 
however, from the standpoint of fruit production, not the nature 
of dwarfness, but instead, one of the physiology of blossom induc- 
tion (403). 

When planning experiments to observe stock and scion relations, 
scions from varieties of a wide physiological range should be used. 
A common fault of most graftage experiments is to use scion varieties 
which are too much alike physiologically. This error comes 
principally from using only commercially important varieties. 
These are all adapted to the locality of the experiments, and natu- 
rally are much alike from the nutrient standpoint. 

A list of pertinent problems in connection with graftage is much 
the same as it was nearly 20 years ago (337-338). Some of the 
problems are: 
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a) The relative time of wood maturity appears to be the only 
tangible factor upon which to predict the success of a stock and 
scion combination within a species. Is this relation, when it pre- 
vails, a matter of physiology or morphology or both? 

b) Is transport a factor in “neutral” stocks ? 

c) Is cambial condition involved in the development of incom- 
patibility as seedling roots grow older? 

d) Why do reciprocal grafts react differently ? 

e) Does the variability of buds along a scion contribute to the 
variability in the growth of grafts in the nursery row? 

f) Why do plant size differences, which are of physiological ori- 
gin, tend to persist in the orchard sometimes for years ? 

g) Is the “invigorating” effect of a stock merely a case of the 
absence of dwarfness? 

h) Is the imparting of hardiness by a stock primarily a matter 
of maturity? 

i) Has graftage any specific effect, or is it only one of the many 
environmental factors? 


SUMMARY 


Since graftage involves a stock and a scion, when grafting, bud- 
ding or making a transplant, consideration of the theoretical aspects 
of this operation is much concerned with compatibility. Neither 
technical studies in botany nor practical experience in agriculture 
have contributed a satisfactory answer to the question of how to 
predict a successful graft combination. 

The frequent failure of grafts between strains of a single clon 
detract from interest in why grafts between widely unrelated species 
are generally unsuccessful. 

Interest in graft hybrids has lost its former intensity with the 
demonstration that these are chimeras and that heteroploid 
tissues which give rise to chimeras can be induced by substances like 
colchicine. 

The failure of elaborated or unelaborated materials to pass a graft 
union unless they commonly occur in both the stock and scion raises 
the question as to whether graftage can have a specific effect or is 
only one among the list of environmental factors. 

Workers in agriculture commonly emphasize stock influence in 
graftage, particularly dwarfing effects. Stock effects have been 
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found in apple to be localized in the stem portion. In fact, stock 
effects can be produced by a ring of bark. Obviously, dwarfing 
effects are in such a case a matter of altered transport. 

The so-called invigorating effect of a stock may be merely the 
absence of some dwarfing factor. 

Scion influence upon root development is often very striking. 
As in stock effects, scion influence is modified by the stem portion 
of the stock. 

Clonal stocks do not guarantee a more uniform size of orchard 
trees than some seedling stocks. Cultural operations in the nursery 
are an important factor in tree uniformity. 

Many theoretical questions in graftage remain unanswered. 
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THE REACTIONS OF BACTERIAL VIRUSES 
WITH THEIR HOST CELLS’ 
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THE NATURE OF THE VIRUS PROBLEM 


In its early stages the study of a sector of nature may be 
divided into two branches. In one we inquire what an object 
under investigation is; we want to know its morphology and its 
relation to other more or less similar objects. In the other branch 
we study what the object does and how it came to be what it is. 
Thus in chemistry we have molecular structure on the one hand 
and kinetics of reaction on the other. In biology, anatomy and 
embryology may be taken as examples of the two points of view. 
As a science progresses certain relations between structure and 
function begin to emerge, and eventually the pursuit of these 
relations may become the major interest in the field. 

The study of viruses is a very young science indeed. In recent 
years much progress has been made toward a better understanding 
of those phases of the virus problem concerned with the infectious 
agent or virus particle (7). Improved methods of isolation, 
culture, concentration and assay have made purified preparations 
of many viruses available in relatively large quantities for physical 
and chemical characterization. Application of the ultracentrifuge 
and diffusion techniques gives indirect evidence of the mean sizes 
and shapes of virus particles in solution; the electron microscope 
has made possible direct observation of sizes and shapes of indi- 
vidual particles in the dry state (7, 8, 53, 56, 68, 69, 72) ; and x-ray 
diffraction has given clues to the atomic architecture of certain 
plant virus particles (11). It has turned out that this segment of 
biological material includes particles as small as 10 my and as 
large as 200 mp in diameter. The morphologies of the viruses 
range from relatively large cell-like structures (vaccinia), some of 
them being tadpole-shaped (T2 bacteriophage), to simple rods 
(tobacco mosaic) and spheres (bushy stunt). On the other hand, 
the particles of any particular strain of virus exhibit a remarkable 
uniformity in size and structure. 


1 This work was supported by Contract N6 ori 168 TO II between the Office 
of Naval Research and the Trustees of the University of Pennsylvania. 
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By themselves the virus particles seem to be quite inert; like 
the seeds and spores of higher forms, whose regularity in size 
and shape they resemble, they become active only in a suitable 
environment—the host cell. Attempts to study their mode of 
reproduction by grinding up host cells at intervals after infection 
have yielded only debris, and in some cases a few finished virus 
particles. Direct observation of their mode of reproduction is 
impossible, since, on the one hand, the particles themselves are 
smaller than the wave lengths of visible light, and, on the other, 
most cells are too thick for convenient observation of internal 
structure with the electron microscope. Investigators of the mode 
of virus reproduction are therefore forced to employ the more 
indirect methods of genetics, biophysics and biochemistry. 

With the biochemical approach we should like to observe the 
effects of various nutrients and specific enzyme poisons on virus- 
producing systems. The geneticist would study the mechanism 
of inheritance—he will be concerned with the aberrations in 
virus production (mutations) which yield new types; he will 
attempt to break down the virus into semi-independent units of 
inheritance as he has the genes of higher forms; he will study the 
conditions under which units can combine or be exchanged to yield 
new hybrid types. Basic to these problems lies that of the deploy- 
ment of host and virus elements on a molecular and indeed atomic 
level which leads to infection and virus production. Here are 
needed the tools and methods of analysis of biophysics. The in- 
tricacies of the problem cannot be overestimated; the program is 
an ambitious one. 

An analysis of the multiplication of plant or animal viruses is 
difficult because of the complex nutrient media (sap, body fluids) 
in which the cells, which are the real virus hosts, are bathed. 
Moreover, the great variety of cells which compose the tissues 
makes it difficult to distinguish the direct effect which the highly 
selective virus produces on the particular type of cell on which it 
acts, from the indirect effects on neighboring cells and on the or- 
ganism as a whole. Only in the bacteriophages are such complica- 
tions largely absent. Here one may work with single undiffer- 
entiated clones at dilutions which, as far as we know, eliminate the 
possibility of interactions between cells. The nutrition supplied 
in the medium can be varied at will. Moreover, in this system 
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the method of virus assay are as simple, rapid and precise as the 
methods of counting colony-forming cells of the bacterial host. 
Then, too, the short generation time of the host makes it possible 
to complete in 24 hours experiments on growth and heredity which 
involve huge clones of individual cells (10'' or more) or of virus 
particles. For these and other reasons it is mainly in the bacterial 
viruses that we have the type of information on virus reproduction 
which will be discussed in this review. 

Most of this work has been reported in the last two or three 
years. A number of excellent reviews of earlier work on bacterial 
viruses is available (13, 23, 28). The ecological aspects of animal 
viruses (14), their physical and chemical properties (7, 74) and 
details of the course of infection by poliomyelitis (42) have been 
reviewed recently. The chemistry of the plant viruses (45) and 
what is known of their action (10) has also been reviewed in re- 
cent years and will not be referred to here. At present it is difficult 
to make a clear cut distinction in kind between genes, plasmagenes, 
cytogenes, transforming principles and viruses (21); recent de- 
velopments in these fields (59) will therefore be watched with 
interest by the student of viruses (cf. papers in Cold Spring Harbor 
Symp. Quant. Biol., Volumes 11 and 12, 1946 and 1947). 


GENERAL PROPERTIES OF THE BACTERIAL VIRUSES 


Discovery. In 1915 F. W. Twort (71) reported the observation 
of bacterial colonies which appeared to dissolve slowly, and of holes 
which arose on bacterial smears on solid media. He found that 
material taken from these clear areas could induce the same spread- 
ing lytic action when applied to normal smears and that the lytic 
principle could multiply indefinitely on these bacteria. In 1917 F. 
d’Herelle (38, 39) made a similar set of observations and eventu- 
ally showed that the bacteriophages, as he called the lytic principles, 
were particulate in nature, for the number of “plaques”, as he 
termed the holes they produced on a bacterial smear, is directly 
proportional to the amount of the lytic principle applied uniformly 
to the smear. Both investigators showed that the lytic principle 
was extremely small, since it passed through filters which would 
hold back all visible bacteria. 


Collection and Assay. To acquire a set of phages active against 
a certain bacterium, one first collects material from regions in 
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which the prospective nost is present and being destroyed in great 
numbers—feces, sewage or, if possible, exudates from infections 
caused by the organism (39). These samples are filtered to re- 
move bacteria, then mixed with a dilute suspension of host cells 
and incubated for 24 hours to allow the bacteriophages which are 
active on the prospective host to multiply. The culture is then 
filtered again and plated at various dilutions with about 10° bacteria 
on solid agar. If one is lucky in his search, he will find that after 
incubation of the plates a number of clear areas have appeared on 
the otherwise uniform smear of the growing host bacteria. Each 
area presumably contains a clone of virus particles, so one takes 
each of them up separately in liquid medium and filters each again 
to remove the bacteria. Now one adds a sample from each of the 
filtrates #1, 2,... etc. to each of a corresponding number of dilute 
bacterial suspensions in nutrient broth. After two to eight hours 
of incubation with aeration, the bacteria in most of the tubes will 
have disappeared. The resulting clear suspensions should then be 
filtered to yield virus suspensions called “lysates”. Such lysates 
will usually contain between 10’ and 10"! plaque-forming particles 
per cc. They may be assayed by plating appropriate dilutions 
with an excess of the host bacteria; then the number of plaques 
which appear after 18 hours incubation, divided by the volume of 
the initial lysate which was applied to the plate, is proportional 
to the concentration of virus particles in the lysate. 

Resistant Strains of the Host. Characterization of Bacterio- 
phages. If one plates 10° or more virus particles with about 10° 
bacteria, the virus will lyse almost all the bacteria and permit a few 
colonies of resistant bacteria to grow. We thus have available a 
set of “indicator” strains of bacteria, denoted B/1, B/2, etc., each 
of which is resistant to the virus in the corresponding lysate. The 
indicator strains have been shown to arise by mutation of the host 
in the absence of the virus (55, 32). 

The next step is to determine whether the several lysates con- 
tain the same or different viruses. Different viruses frequently 
form plaques which differ in size, presence or absence of a halo, 
etc. Also, in general, each of the viruses will be active, i.e., form 
plaques, on a different set of the resistant bacteria. If virus #1 
behaves exactly as the virus in lysate #15, say, in its activity 
against the spectrum of resistant bacteria, and the two form indis- 











468 THE BOTANICAL REVIEW 





tinguishable plaques, especially when they overlap on the same 
plate (41), they are probably the same virus. 

Host-Range Mutations. If one plates a large excess (10° par- 
ticles) of virus #1, say, with bacteria which are resistant to the 
main bulk of virus in the lysate #1, he will usually observe a few 
plaques on the smear of B/1. These plaques are considered (48) 
to have arisen from virus particles which in their formation have 
mutated to activity on the cells which are resistant to the parent 
virus. Thus we obtain a collection of hosts, bacterial viruses and 
their mutants suitable for further study. 

With perseverence one could collect a hundred or more demon- 
strably different bacteriophages active against a single strain of 
bacterium. Since this is too many for the intensive type of study 
we wish to discuss in this review, a group of workers in this coun- 
try has limited its attention to a set of seven “wild type” viruses, 
designated T,, Tz, . . . T:, all active on a single non-motile strain, 
“B”, of E. coli. Demerec and Fano (32) collected these viruses 
and renamed some of them. In the earlier literature, T, = a = P28; 
T.=y=PC. Although gathered from different sources, T; and 
the virus § seemed to be identical and the latter was discarded. 

Life Cycle and Morphology. The life cycle of these bacterial 
viruses consists of three easily recognizable stages (23) : 

a) Adsorption of the virus on the host cell. 

b) <A process of proliferation on the virus within the host. 

c) Lysis of the host with simultaneous liberation of new virus. 

An examination of these three stages with the electron micro- 
scope serves the two-fold purpose of telling us something of their 
nature and of enabling us to identify the virus particles. In Fig. 1 
and Fig. 2 we see viruses T, and T, adsorbed on bacteria which 
appear as watermelons in comparison to the tadpole-shaped virus 
particles (53). Following adsorption, no change in the morphol- 
ogy of the host is to be seen, nor does the number of visible virus 
particles increase. The intracellular events leading to virus libera- 
tion are not visible. However, beginning 21 minutes after adsorp- 
tion, bacteria may be seen which have burst, as in Fig. 3, to liberate 
a hundred or so phage particles. These are quite like the infecting 
one in structure. 

In this way the infectious particle of each virus in the T set has 
been identified. Two, T, and T,, which form small plaques, are 











Fic. 1. E. coli, strain B, with adsorbed tadpole-shaped particles of virus 
Te. The specimen was prepared five minutes after mixing the virus and host 
cells. EMG. 528 ax 40,000, (53). 





T,. The specimen was prepared five minutes after mixing the virus and its 
host ceils in a solution of /-tryptophane. Without the tryptophane to activate 
the virus, little adsorption occurs. As described in the text, various stages in 
the conjugation of virus with host cells may be discerned. EMG. 169 
d <x 24,000. (Anderson, unpublished). 








Fic. 3. Lysing virus-host complexes of /:. coli, strain B, and the virus 
T». The specimen was prepared 21 minutes after mixing the virus and host 
cells. Many newly liberated tadpole-shaped T. particles are seen together 
with lytic debris. EMG. 790b x 18,000, (56). 
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like T,, with heads about 800 A in diameter, containing a dense 
internal structure, and to which a well-defined “tail” about 1000 A 
long is attached (7). T; and T;, which form large plaques, are 
both small spheres about 450 A in diameter (28). T,, which also 
forms large plaques, is such a sphere, but with a faint tail about 
1000 A long (53, 56). T; forms small plaques and has a head 
about A in diameter with a long faint tail (7). Thus the large 
viruses form small plaques, and the small viruses form large plaques, 
as had been inferred from earlier more indirect measurements of 
particle sizes. 

Two additional physical properties of the bacteriophages seem 
to be correlated with their morphologies. Thus the large viruses 
T., T,, T, and T; are much more sensitive to sonic vibration than 
the small viruses T,, T; and T; (7d). Furthermore, the similar 
viruses, T,, T, and T,, which appear in the electron microscope to 
have membranes surrounding the internal structures of the heads, 
can be disintegrated by what may be termed ‘“‘osmotic shock” (7e). 
If these viruses are incubated with 4M NaCl and the suspension 
then diluted rapidly with water, the viruses are inactivated, while 
little inactivation occurs if the suspensions in salt solution are 
gradually brought to lower ionic strengths. Electron micrographs 
of the latter preparations revealed normal particles, while micro- 
graphs of the former, rapidly diluted preparations revealed virus 
“ghosts”—empty head membranes with tails attached. These re- 
sults are compatible with the view that the membranes of the even- 
numbered viruses, like those of cells, are somewhat permeable to 
NaCl but much more permeable to water molecules. Like cells 
the virus heads swell when the ambient salt concentration is re- 
duced, and actually burst if the reduction is sufficiently large and 
sudden. Osmotic shocks which inactivate the even-numbered 
viruses have no detectable effect on the small viruses T,, T; and T, 
which appear in electron micrographs not to have membranes. 

In spite of the morphological similarity of some of the viruses 
in the T set, each has a distinctive pattern of activity against the 
various resistant strains of the host (32). 

Serological Properties of Bacteriophages. If one injects a virus 
preparation into a rabbit, the animal’s serum acquires the ability to 
neutralize the virus in vitro, 1.e., render it non-infectious. Dif- 
ferent viruses possess their antigenic power in varying degrees. 
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Unlike the influenza viruses which react with antisera to the 
hosts from which they came (44), the bacterial viruses are sero- 
logically distinct from their hosts. As far as is known, antiserum 
to a bacterium does not react with the phages which are active on 
that bacterium. 

Although the mechanism of the neutralization reaction is un- 
known, it may be supposed that antibody molecules in the anti- 
serum, when adsorbed on the virus antigens, cover up and render 
inactive certain prosthetic groups on the virus surface. Neutral- 
ized phage can be reactivated by removal of the antibody by a pro- 
teolytic enzyme such as papain (43). Antibody molecules may 
have more than one such point of attachment (valence) and so 
form bridges between virus particles and cause them to aggregate. 
Antibody to phage does not agglutinate host bacteria. On the 
other hand, if each bacterium in a suspension has adsorbed a num- 
ber of phage particles, the bacteria can be agglutinated by phage 
antibodies which presumably form bridges between the adsorbed 
virus particles. Burnet et al (15) have demonstrated that phage 
which has been just neutralized by a small amount of antiserum is 
still capable of “coating” susceptible bacteria in this way, rendering 
them agglutinable by an excess of antibodies to the phage. From 
this it would appear that the primary action of antiserum in neu- 
tralizing phage is not on those virus elements which are respon- 
sible for specific adsorption on the host. 

It was clear ten years ago (15) that serological tests provide 
the most straightforward classification of bacteriophages. Now 
that we know the morphologies of the phages, this is even more 
apparent. Viruses in the T set which have similar morphologies 
cross-react serologically. Thus antiserum against T, inactivates 
only T., T, and T,. Antiserum against T; inactivates only Ts 
and T;. An antiserum against T, or one against T; fails to affect 
any of the other viruses in the T set; T, and T; are the sole repre- 
sentatives of their orders in the set (24, 28). 

Many viruses which are active on other types of bacteria have 
morphologies strikingly similar to those of the T set. Thus a 
staphylococcus phage resembles T; in structure (56). It would be 
interesting if viruses which are morphologically similar but active 
on greatly different organisms should be found to have serological 
properties in common. In higher organisms serological relation- 
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ships would be taken to imply phylogenetic relatedness between 
forms. 

Multiplicity of Infection. In many types of experiment it is 
important to have reliable information on the distribution of virus 
particles among the infected bacteria. If a number of virus par- 
ticles, s, is adsorbed on a number of bacteria, t, the ratio s/t is 
termed the “multiplicity of infection,” m. If we assume that all the 
bacteria have the same tendency to adsorb virus irrespective of the 
number already adsorbed, and that in the experimental procedure 
they all are given equal chances to adsorb virus, then the distribu- 
tion of the virus particles among the bacteria can be shown to fol- 
low the classical law of Poisson (62). This law predicts that the 
fraction of bacteria, P,, which have adsorbed exactly r virus par- 
ticles, will be 

m'e™ 
= 


(1) 


The multiplicity may be determined either by determining s and t 
directly, i.e. by counting virus and bacteria, or by determining the 
fraction of bacteria, Py, which have adsorbed no virus and which 
can therefore form colonies (54). Thus 


r! 


P, =e™ or m = log,P». 
The first method is most accurate when m is less than 1; both may 
be used when m is 1 or greater. The fact that the two methods 
agree where 1 < m < 10 is justification for using such calcula- 
tions, and suggests that in this region the assumptions are essentially 
correct. 
When m << 1 a very small percentage of the bacteria will have 


adsorbed more than one virus particle. In such cases studies of 
virus growth are concerned only with “singly infected bacteria.” 
We speak of “multiple infection” when a considerable proportion 
of the bacteria have adsorbed more than one virus particle. For 
example, when m= 3, 80% of the bacteria will have adsorbed 
two or more virus particles: 
0a-3 1n-8 
Po= TS = 0.08; P, - 55 015; 


P. + P, + - oe « P,=1-P,.—P, = 0.80 


In such a case virus growth occurs primarily in multiply infected 
cells. As we shall see, the use of such probability calculations is 
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becoming increasingly important in the interpretation of much of 
the experimental work on bacterial viruses (52). 

One Step Growth Curves. Average and Individual Burst Sizes. 
The average number of virus particles liberated per infected bacter- 
ium in a culture is termed the “average burst size.” It is deter- 
mined by an analysis of “one step growth curves” obtained as fol- 
lows (31, 34). At time zero, a predetermined number of virus 
particles is added to an aerated culture of host cells, and a period 
(5 min., say) is allowed for the virus to be adsorbed on the cells. 
Antivirus serum is then added. It inactivates the free virus but 
not the adsorbed virus (26). A sample is then diluted 1:1000 or 
more, and assayed at intervals for the total number of infectious 
centers of plaque-forming bodies. At a time called the “latent 
period”, which is characteristic of the virus, growth conditions, efc., 
the number of infectious centers will be found to rise sharply and 
eventually level off after all the infected bacteria have burst and 
liberated virus. The average burst size is simply taken to be the 
tatio of the final virus titer to the number of bacteria which had 
initially been infected. Since the average burst size varies with 
the stage of growth and nutrition of the host, it is extensively 
used as an index to events which occur within the infected cell. 
It must be admitted, however, that the evidence thus obtained is 
somewhat indirect. For example, one-step growth curves for 
single infection and multiple infection displayed the same latent 
periods and burst sizes (24, 31). This led all workers in the 
field into believing that only one virus particle was effective in 
multiple infection. As we shall see, this conclusio:. proved to be 
erroneous. 

The number of virus particles liberated from individual bacteria 
can also be determined. Here the adsorption mixture is highly 
diluted and divided before lysis occurs into such small samples 
that only 50% of them contain an infected bacterium. Aftor they 
have lysed, the total number of virus particles in each sample is 
determined by counting the plaques it produces when it is plated. 
The individual burst sizes from B infected with T, ranged from 
less than 25 to more than 1000, the average agreeing, as it should, 
with that obtained from one-step growth experiments (25). Sim- 
ilar variations are observed in individual bursts of other viruses 
and cannot be correlated with the sizes of the infected host cells. 
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The possibility that the wide variation in burst size might be due 
to heritable variations in the bacterial population or in the infecting 
virus particles themselves has not been examined. 

We shall add many more examples of clues to the mechanism 
of virus production which, because we have no very clear picture 
of the processes involved, seem to be arbitrary and disconnected. 
Yet in the final analysis, all of them, even those which now seem 
trivial, will have to fit together. The most easily accessible set of 
these clues comes from studies of the first step in the virus attack 
on the host cell—adsorption. 


FORMATION OF THE VIRUS-HOST COMPLEX: ADSORPTION 


It is clear that a mixture of virus and susceptible host cells will 
in general contain two kinds of plaque-forming particles or infec- 
tious centers: the infected bacteria and the free unadsorbed virus 
particles. Since each will form only one plaque when plated on 
suitable media, some means of distinguishing between them must 
be employed if one wishes to determine the extent of virus adsorp- 
tion. The most obvious method, perhaps, depends on the difference 
in size—centrifuging the mixture at 4000 rpm for 5 to 15 minutes, 
depending on the volume to be treated, will throw down the in- 
fected bacteria and leave the free virus in the supernatant liquid 
(22). Another method makes use of the fact already mentioned 
that the intracellular virus is not affected by an antiserum to the 
virus (26). Addition of antivirus serum to a mixture of virus 
and host cell, therefore, inactivates the free virus, leaving only 
the infected cells to form plaques when the suspension is diluted 
and assayed. Other methods of measuring the extent of adsorp- 
tion might well be developed which depend on a difference in sus- 
ceptibility to chemical or physical treatments. For example, un- 
der some conditions the T,-host complex is inactivated by 5-methyl 
tryptophane, while the free virus is not (20). Usually the virus- 
host complex is more susceptible to killing by heat than is the free 
virus. On the other hand, the complex may be much more re- 
sistant to ultraviolet irradiation than the free virus, as will be dis- 
cussed in greater detail in a later section. 

Elecron micrographs of mixtures of virus and host seem to show 
a number of stages in the adsorption process. Specimens prepared 
five minutes after mixing T, or T, virus and their host cells con- 
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tain some particles which appear to be just touching a host cell, 
but are otherwise visibly unchanged (Figs. 1 and 2). Others 
have their tails missing, the heads resting against the host. The 
recognizable parts of still others are mere blebs on the host cell 
wall; most of the internal structure in the heads of these particles 
has disappeared, presumably into the protoplasm of the host. At 
some point in the adsorption process, the reaction becomes essen- 
tially irreversible. This is the point at which the virus is said to 
be “adsorbed” in a physiological sense. * 

Rates of Adsorption. If one measures the amount of virus ad- 
sorbed at various times after mixing virus and host cells, it is 
usually found (22, 65, 66) that the free phage concentration (P) 
decreases exponentially in the early stages of adsorption. Increas- 
ing the bacterial concentration (B) increases the rate proportion- 
ally, as though the reaction were a simple combination of phage 
with the host cells: 

BiP—3B-P (2) 
The rate of decrease of free phage in the mixture follows the dif- 
ferential equation for a bimolecular reaction: 

- ) 

-a( =K, (B)(P) (3) 
and the concentration of free phage decreases with time accord- 
ing to the equation: 

—2.3 wn Ba (B)t (4) 
(P)o 
when (P)o, the concentration of free phage at the start of the re- 
action, is much less than the concentration of host bacteria. 

As adsorption continues to the point where about 99% of the 
virus has been adsorbed, it is usually found that the rate of adsorp- 
tion falls off rather abruptly (22, 65). When this residual slowly 
adsorbed fraction is separated from the infected bacteria in the 
adsorption mixture, its rate of adsorption on fresh bacteria is found 
to remain low, at least for the hour or so required for the experi- 
ments. This residual fraction seems to contain virus of the same 
genetic type as the main fraction, since its offspring have the same 
rate of adsorption as the bulk of the original virus. The nature 
of the inhibition of adsorption remains a mystery, but it should 
be noted that electron micrographs of filtered lysates show many 
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virus particles attached to what appear to be small shreds of bac- 
terial membranes. Such fragments would have a much slower 
rate of sedimentation than the bacteria and would presumably be 
counted with free phage in experiments cited if the particles eventu- 
ally were able to free themselves to infect host cells and form plaques 
on a bacterial smear. A study of the factors which influence the 
rates of adsorption of these residual fractions might contribute 
to our knowledge of the mechanism of virus penetration or of lysis 
or both. 

Assuming the diffusion (Brownian motion) alone determines 
the number of collisions between phage and host cell, and that 
each hit leads to adsorption, one obtains (66) from von Schmolu- 
chowsky’s theory of coagulation (67) a relation between the ad- 
sorption rate constant, K,, the effective radius of the bacterium, r, 
and the rate of diffusion of the phage, D: 

K, = 42 Dr (5) 

The observed rate constants K, for the initial stages of adsorp- 
tion depend on a number of factors, including the type of phage, 
the salt concentration and the physiological state of the host bac- 
teria, being as high as 300 x 10-'° cc./min. for actively growing 
motile bacteria, and as low as 5 x 10-*° for bacteria which are near- 
ing the stationary stage of maximum growth (22). Schlesinger 
(66), using a phage similar to T, and active on a non-motile strain 
of E. coli, obtained K, = 20x 10°? cm.*/min., from which he esti- 
mated the rate of diffusion D to be 6.3 x 10° cm.?/sec. Then, 
assuming the particles to be spherical, he calculated the effective 
diameter of the phage, d, by the Einstein relation: 


— (6) 
3x NynD 

where R is the gas constant, T is the absolute temperature, N is 
Avagadro’s number, and y is the viscosity. This gave the value 
for the diameter : 


d 


d= 


8.32 x 10° (273 + 37) 
~ 3x . 6.06 x 10° x 0.007 x 6.3 x 10° 
in good agreement with the average diameter of such a particle 
as observed years later with the electron microscope. On the 
basis of accepted theories of virus adsorption it is most surprising 
that this and similar calculations which can be made with more 


= 10.2x 10% cm. 
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recent data should yield a value for the particle diameter which is 
anywhere near the correct order of magnitude. To understand 
this it might be useful to describe the current theory of adsorption 
and discuss its implications. 

Receptor Spot Theory. The highly specific adsorption of a 
virus on its host cell has been generally ascribed to the steric fitting 
of a specific and therefore complicated surface configuration on the 
virus particle to a complementary structure (receptor spot) on the 
surface of the host cell (13, 15, 23). This is the same mechanism 
as that postulated for the equally specific antigen-antibody reaction. 
In the latter case the forces holding the two together are supposed 
to be of the exchange or van der Waals type and hence fall off so 
rapidly, as the distance between the surfaces increases, that they 
become negligible for separations of a fraction of an Angstrom unit 
(60). Ifsuch surfaces are rigid but possess a degree of complexity 
which is compatible with the degree of specificity observed, one 
might expect that the chances of their accidentally colliding in just 
that relative attitude which leads to adhesion would be very small 
indeed. One would expect a steric factor in the reaction rate ex- 
pression which would be inversely related to the complexities of 
the surface or the specificity of the reaction. 

Since a bacterial cell is capable of supporting the growth of 100 
or so different viruses, it is supposed that its surface contains a 
corresponding number of different types of receptor spots, one for 
each type of virus to which it is sensitive. It is also estimated 
that a cell can adsorb on its surface about 140 virus particles of any 
one type (66) ; it would therefore be supposed to possess a corre- 
sponding number of receptor spots for each of the viruses to which 
it is sensitive. Mutation of the host to resistance to a particular 
virus would thus imply the removal of all the receptor spots for that 
virus, since bacterial cells do not adsorb the viruses to which they 
are resistant (50). 

On such a simple theory of adsorption one would expect that the 
chances of a particle sticking to the host in any random collision 
would be low by a factor of at least a thousand to account for the 
specificity of the reaction, and to be low by another factor of 100 
or so to take account of the fraction of the host’s surface which is 
occupied by the particular receptor spots for the virus. But the 
calculations presented in the previous section suggest that the virus 
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adheres to the host almost every time the two collide. Obviously 
the simple receptor spot theory presented above is in difficulty here. 
Before discussing possible modifications of the theory, we shall 
turn first to a discussion of some more recent data regarding ad- 
sorption. 

Effects of Stirring. It might be thought that the collision rate 
and hence adsorption would be accelerated by violent stirring of 
the mixture of virus and host cells. However, it turns out that 
T, virus in an ammonium lactate medium containing 0.02 mg. of 
l-tryptophane per cc. for activation (see following section) is not 
adsorbed on the host in a Waring type blender. As soon as the 
blender is turned off, however, the virus is adsorbed at the normal 
rate ; the adsorption may again be stopped by turning on the blender 
(unpublished results of the author). Neither the virus particles 
nor the host cells appear to be damaged by this treatment under the 
conditions employed (5x 10° B/cc.; 2x 10° T,/cc.; temperature, 
26°). It seems probable from these results that the primary con- 
tacts between virus and host lead to relatively weak initial bonds 
between flexible areas on the two surfaces which then rapidly con- 
jugate like the two parts of a zipper. The shearing forces in the 
blender are presumed to break the weak initial bonds before the 
more extensive contacts are formed. The experimental results 
suggest that the time required for the pair to form a firm bond may 
be ten seconds or less. More precise experiments of this type are 
certainly feasible and should be carried out. 

Virus Co-factors (5, 7). The major fraction of some phage 
preparations is scarcely adsorbed at all in synthetic media, while 
adsorption is normal in a complete medium. This phenomenon 
has the aspects of a nutritional requirement of the virus. Many 
preparations of T, and T,, for example, are found to have very low 
titers from plaque counts on agar containing ammonium lactate 
(F) as nutrient as compared to those on agar containing a more 
complete nutrient such as Difco nutrient broth (N). On the 
other hand, both media supported voluminous growth of the host 
bacteria. Tests of the activities of amino acids and other growth 
factors showed that aromatic amino acids, such as /-tryptophane, 
phenylalanine, tyrosine and many synthetic amino acids, would 
promote the adsorption of the phage in the synthetic medium. 
Among the substances is 5-methyl tryptophane, a compound whose 
bacteriostatic action on E., coli is reversed by J-tryptophane (6). 
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The co-factor is not required for multiplication of the virus 
within the cell, for once a T, particle has become adsorbed on a 
host cell, the infected cell is able to form a plaque at 37° on the 
synthetic medium. Thus T, must have been able not only to 
multiply in the cell and lyse it, but carry the infection to other cells 
on the smear as though enough tryptophane or some other co-factor 
were present to keep the newly formed virus in an active state. 
The activity of /-tryptophane is negligible at about 0.0001 mg./ce. 
and reaches its maximum value at concentrations of only 0.002 
mg./cc. Or so. 

It has been found that when plaques of T, which appear on agar 
containing the synthetic medium are picked up and suspended in 
synthetic medium, the suspension assays almost as high on F agar 
as it does on N agar. On the other hand, suspensions of plaques 
which appear on co-factor-free synthetic medium from bacteria 
which have been infected by tryptophane-activated virus, yield 
much lower assays on F agar than on N agar. This result indicates 
that the requirement or non-requirement for co-factor is inherited 
in the virus T,(7b). Evidence for mutation from requirement to 
non-requirement comes from the observation that all tested stocks 
made from isolations of single plaques of the co-factor-requiring type 
contain variable amounts of the non-requiring type of virus. Mu- 
tations in the reverse direction, i.e., from the non-requiring to the 
requiring type, have not yet been looked for. 

Tryptophane acts on the virus rather than on the host; for if to 
virus in 0.1 cc. of the synthetic medium containing tryptophane 
at 0.002 mg./cc. are added 10 cc. of a bacterial suspension, sud- 
denly bringing the tryptophane concentration down to the ineffec- 
tive level of 0.00002 mg./cc, as much as 15% of the virus may be 
adsorbed. On the other hand, adding an equivalent amount of 
tryptophane to a mixture of B and T, results in the adsorption of 
no more than 0.001% of the virus particles. 

The effect of the tryptophane on the virus is reversible, for on 
removal of tryptophane from the virus by dilution, for example, the 
virus loses the ability to attack the host cell. Such deactivated 
virus can be reactivated by addition of more tryptophane. d-trypto- 

phane is inactive. As in many enzyme reactions, the activation 
is maximum at 37°, and at pH around 7. In this connection it is 
interesting to note that the efficiency of plaque formation on F by B 
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infected with T, and T, falls to a low value at 15° as compared 
to 37° in agreement with the idea mentioned previously that some 
bacterial product, perhaps tryptophane, is responsible for the activa- 
tion of the freshly liberated virus in the chain of infections which 
lead to the formation of a visible plaque. 

Of the other viruses in the T set only T; exhibits such a tempera- 
ture dependence of plaque-formation on F agar, but not on N 
agar. The efficiency of plaque formation by T; at 15° can be 
brought to the value on N agar by the addition of leucine, isoleu- 
cine or norleucine to the F agar. Such compounds may therefore 
be co-factors for T;, being supplied in sufficient quantity by the 
bacterial metabolism at 37° to activate this virus (unpublished re- 
sults of the author). 

These results are compatible with the idea that the inactive virus 
particle T, must take onto itself a number of molecules, n, say, of 
tryptophane to form an activated virus particle, T,*, before it is 
capable of being attached to the host cell. The reaction might be 
written as a reversible equilibrium: 


T, + l-tryptophane = T,* (7) 


If the n-tryptophane molecules occupy equivalent non-interacting 
sites on the virus, the equilibrium constant would be: 


‘ (1.") (8) 

(T,) (l-tryptophane)" 

On this basis one may estimate the value of m from the number of 
infected host cells which are produced when 10 cc. of a bacterial 
suspension are added with moderate stirring to 0.1 cc. samples of 
T, in the synthetic medium containing various amounts of /-trypto- 
phane. Values of m as high as 6 have been obtained in this way, 
although the true value may be much greater than this, for all the 
virus particles in the suspensions tested may not have had identical 
requirements for tryptophane. 

It should be possible to obtain evidence for the number of trypto- 
phane molecules required for activation by a study of the depend- 
ence of the rate of activation on the tryptophane concentration. 
This has not yet been done. However, it has been found that the 
rate is so rapid in F containing 0.002 mg. /-tryptophane/cc., that 
equilibrium is approached in a few minutes at 26°. 

The rate at which T,* particles Jose their activation on reduction 
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of the tryptophane concentration to below the critical level (0.0002 
mg./cc.) has been studied in some detail and by a number of dif- 
ferent methods. The reaction yielding deactivated virus T,’ 


TS K. T,’ + tryptophane (?) (9) 


seems to be first order, since it follows the relation: 
(T.*) 

— 2.3 log (T.*)o = K,t (10) 
where (T,*)o is the concentration of active virus at time t=0. 
This result suggests that the loss of only one of the n /-tryptophane 
molecules required for activation leads to deactivation and the 
loss of the ability to attack the host. 

Mutation Pattern of B to Resistance. If the host (B) mutates 
to become resistant to one of the viruses in the T set, it frequently 
becomes resistant to certain of the other viruses at the same time. 
Resistance to certain sets of viruses appears to be linked together 
and frequently involves new growth requirements as well. Thus 
the 377 resistant strains tested by Demerec and Fano (32) con- 
sisted of only eight types: B/1, B/1,5, B/3,4, B/3,4,7, B/6, 
B/1,3,4,5, B/6,1,5 and B/7,1,3,4,5. A few more types involving 
resistance to host range mutants of T, and T; have been added 
by Luria (48-50). An analysis of the mutation rates shows that 
these are all “one step” mutations. It is probable that sensitivity 
to each phage should be considered in principle to be an independent 
phenotypic character, but, as has been frequently observed in higher 
organisms, more than one character may be affected by a single 
genetic change. Such theoretical aspects of mutations to virus 
resistance have already been discussed in very able fashion (1, 2, 
29, 49-51). The point to be emphasized here is that these muta- 
tions affect the adsorption mechanisms for the viruses involved. 
These so-called “cross-resistance” tests do not relate the viruses. 
If anything they relate receptor mechanisms for different viruses. 
A single genic locus may be considered to control the production 
of a group of receptor mechanisms for a corresponding group of 
viruses. A non-lethal mutation of such a locus could then elimi- 
nate the entire group of receptor mechanisms and still allow the bac- 
terium to survive and multiply to form a clone of resistant cells. 

Discussion of the Mechanism of Adsorption. Any theory of 
the mechanism of adsorption must be compatible with the following 
facts: 
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a. A phage is adsorbed only on cells which under suitable 
conditions are capable of supporting the multiplication of that 
phage. The reaction is, therefore, highly specific. 

b. In quiet media a virus particle has a good chance of being 
adsorbed on the host the first time it approaches the surface of the 
cell. 

c. In violently agitated media T, virus is not bound to the host 
cell, although the rate of collision between the two must be increased 
by agitation. 

d. There are strains of T, and T, virus which are not adsorbed 
on sensitive cells unless they have been activated by a co-factor 
such as /-tryptophane. 

Neglecting for the present the possibility of long range forces 
between the phage and host (63, 58), we must assume that ad- 
sorption involves material contact between elements of the host 
and parasite. Somehow the element of specificity must enter, 
whether in steric configuration or in enzymatic sequence or both. 
The rapidity of the reaction in quiet media suggests that the initial 
contact may occur between small specific projecting elements on 
the host or on the virus. Such elements would have high thermal 
velocities (Brownian motions) relative to those of the larger 
bodies to which they are attached. During the time the virus and 
host are near each other in diffusing through the medium, such 
mobile elements would make many collisions ; one collision in which 
the components are properly oriented would lead to the steric 
fitting of the elements and the formation of a weak bond between 
virus and host. Such a tentative bond can be broken by stirring, 
but in quiet media holds the two bodies together long enough for 
some subsequent chain(s) of reactions to lead to more firm bonds 
between the two. It may well be that the specificity of the combina- 
tion may reside in the zipper-like sequence which leads to this 
ultimately firm combination. The weaker combination would be 
broken in a few seconds by thermal agitation and therefore might 
not be expected to be detected in ordinary experiments carried out 
by manual operations of solutions in test tubes, pipettes, eéc. 

The co-factor phenomenon is still a puzzling clue to the adsorp- 
tion mechanism. The activity of /- and inactivity of d-tryptophane 
and the characteristic temperature dependence of activation both 
suggest that enzymes may enter into the reaction. The involve- 
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ment of a number of molecules of tryptophane suggests deficiencies 
on a number of sites on the virus; but the loss of one of the mole- 
cules results in deactivation and no firm adsorption. Apparently 
tryptophane would be essential for each of a number of the postu- 
lated steps in the adsorption reaction. These steps may involve 
syntheses of material containing tryptophane or, alternately, con- 
taining the other aromatic amino acids which are co-factors. 

The receptor mechanism appears to occupy a key position in 
any theory of virus activity. If we restate the generally accepted 
experimental observation and the postulate, the conclusion seems 
inevitable : 

a. A phage is adsorbed on only those cells which, if not dam- 
aged (see Contributions of the Host), are capable of supporting 
its multiplication. 

b. The ability of a cell to adsorb a virus is determined by the 
presence on that cell of a receptor mechanism specific for that virus. 

c. Therefore mutation of the host to resistance and resistance 
to viruses in general, if we accept the doctrine that evolution results 
from mutation, involve only alteration or elimination of the re- 
ceptor mechanism for that virus. It would follow that any cell, 
as long as it displays the receptor mechanism for a particular virus, 
is a suitable host for that virus. 

What, then, could be the nature of the receptor mechanism? 
Is it simply a code system on the host structure fashioned to the 
virus but unrelated in any direct manner to the metabolic patterns 
contained within? This seems to be an unlikely and awkward 
arrangament, for resistance seems to be intimately related to meta- 
bolic patterns of the host in the cases which have been studied 
(1,2). It seems much more likely that in the receptor mechanism 
is incorporated a frank display by the host of its metabolic suit- 
ability for the multiplication of the viruses to which it is sensitive. 

Burnet (12) and others (15, 36, 37) (but see (9)) have con- 
cluded that in bacteria the surface antigenic polysaccharides are im- 
portant constituents of the receptive mechanism, for they found that 
cell-free extracts containing these substances have the power to com- 
bine with and inactivate phages which are active on the original 
cell. Furthermore in a number of cases susceptibility to phage 
action is correlated with “smooth” or “rough” forms, the colony 
type being determined by the presence or absence of surface poly- 
saccharides. 
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A further clue is provided by Mrs. Pirie’s observation (61) 
that exposure of B. megatherium to lysozyme strips mucopolysac- 
charide from the cells and simultaneously renders them non-recep- 
tive to the phage to which they had been sensitive before treatment 
with the enzyme. Recently Burnet and his co-workers (16, 70) 
have made a somewhat similar observation in the case of influenza 
virus. They have discovered that a culture filtrate of V. cholerae 
has the power of rendering red cells nonagglutinable by the virus. 
Likewise the membranes of the chick embryo do not adsorb virus 
hemagglutinins after treatment with the extract. Behaving much 
like the virus, the active principle in the filtrate is adsorbed by red 
cells and later eluted. It appears that the bacterial filtrate contains 
an enzyme which, like the virus, can destroy the receptor mecha- 
nism of the red cells. The substrate of the virus-enzyme seems to 
be a segment of the mucin which is responsible for the A B O blood 
group specificity (15a). 

How can such substances as surface polysaccharides and muco- 
polysaccharides display the finer points of the internal constituents 
of the cell? Solution of this problem would contribute greatly to 
our understanding of the mechanisms involved in the biosynthesis 
and function of these constituents. 

Adsorption represents the first step in the conjugation of virus 
elements with host elements to form a complex which, under suit- 
able conditions of temperature, nutrition, efc., forms more virus. 
However, mere adsorption of virus on the host cell is not sufficient 
for virus production. Damaged virus may be adsorbed on the 
host, yet no virus particles will be liberated. Similarly intact virus 
adsorbed on sufficiently damaged host cells is unable to induce the 
formation of more virus. We shall now discuss the nature of these 
additional elements of the two which go to make the resulting com- 
plex functional, i.¢e., able to manufacture new virus. 


BIOLOGICAL COMPOSITION OF THE VIRUS-HOST COMPLEX 


In the T system of viruses the combination of a virus particle 
with its host cell is apparently indissoluble. The virus-host com- 
plex has the form of the host, but the viable host has never been 
recovered from it. It has the function of forming new particles 
similar to the infecting virus particle; yet the infecting particle has 
never been freed from it before lysis. We must inquire: What 
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constituents are necessary for a properly functioning complex, 1.e., 
one which will produce virus? Obviously the constituents of the 
virus-producing complex are derived from at least two sources: 
the virus and the host cell. The co-factor phenomenon indicates 
that elements of the medium also play a role. 


Contributions of the Host 


We have already discussed the primary contribution in point of 
time of the host to the virus-host complex—the adsorption mecha- 
nism. Mutations of the host to resistance involve at least the elim- 
ination of that mechanism for the virus in question but may eventu- 
ally be found to involve other constitutional changes such as nutri- 
tional deficiencies (1, 2). But the host contributes much more 
than the adsorption mechanism, for it may be treated with heat, 
chemicals, irradiation or indeed with another virus and be left 
with an apparently intact ability to adsorb new virus and yet be 
rendered completely incapable of forming a complex which can 
produce that virus. On the other hand, some agents such as dilute 
antibacterial serum (26), merely delay the liberation of virus from 
the infected bacteria. 

Effects of Irradiation of Host Cells. It has been found (3) that 
T2 virus can multiply on host cells which have received many 
lethal doses of ultraviolet irradiation. Likewise phage C16 can 
multiply on “bacille paradysenterique Y6R” which has previously 
been heavily irradiated and “killed” with X-rays (64). We may 
conclude from these results that all the elements of material and 
organization which the host requires for its continued multiplica- 
tion to form colonies are not necessary for the formation of a func- 
tional virus-host complex. 

Many lethal doses of irradiation of B are required to make the 
cells unsuitable as hosts for T, (3). With massive doses two 
effects appear at approximately the same exposure: both the pro- 
portion of active virus-producing complexes formed after adsorp- 
tion and the number of active virus particles liberated per active 
complex decrease as the pre-infection exposure is increased. Still 
more severe irradiation of B eventually reduces the ability of the 
cells to adsorb T,. The fact that the two effects are produced 
by irradiation at the same rate may be a coincidence or it may be an 
indication that similar host elements are involved in the two 




























































































REACTIONS OF BACTERIAL VIRUSES 485 


phenomena. The elements with which the virus first combines 
on adsorption may be just those involved in virus production in 
a chain reaction of some sort within the complex. Much as ana- 
logues of normal substrates are presumed to inactivate enzyme 
molecules which they engage, so the UV-produced structural ana- 
logues of the host’s elements may be presumed to inactivate ele- 
ments of the virus which they engage. 

Killing of the Host by Damaged Virus Particles. The converse 
relation also appears to hold, namely, a single T, virus particle 
partially inactivated by UV has the property of combining with 
and killing host cells (54). An individual inactivated virus can- 
not form a functional complex, i.e., produce new active virus; nor 
can the inactive complex form a colony of bacteria. The combina- 
tion is sterile. Apparently such inactivated virus combines with 
elements of the host which are necessary for its continued multi- 
plication to form a colony. 

Studies of the respiration of rapidly growing cultures of B in 
ammonium lactate medium show that infection with normal T,, 
normal T, or T, virus which has been partially inactivated by ir- 
radiation causes the rate of oxygen uptake to remain constant at 
the value the culture had at the time of infection (19) ; uninfected 
control cultures of course continued to increase logarithmically 
both in number of cells and in rate of oxygen consumption. Thus 
the viruses did not interfere with oxygen utilization, but apparently 
blocked synthesis of the lactic acid dehydrogenase system of the 
infected cells. This blocking of synthesis of host material is strik- 
ingly brought out by recent experiments of Monod and Wollman 
(57 a). They found that normal E£. coli B, using glucose as a car- 
bon source, could readily adapt its metabolism to the utilization of 
lactose. However, after infection with a phage, designated ¢ II, 
it is rendered incapable of adapting its metabolism to the utilization 
of lactose, presumably because it cannot synthesize the necessary 
new enzymes. As discussed later, the syntheses which the virus- 
host complex carries out during its development are directed by 
the infecting virus rather than by the regulating mechanisms of the 
host. The synthesis-directing mechanisms of the host play little 
part in the development of the complex; their functions are taken 
over by the virus. 

We conclude from these scanty experiments that all the elements 
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required for the host’s well-being are not required for the formation 
of the virus-producing complex. On the other hand, some of the 
elements (¢.g., synthetic) essential to the host seem to be engaged 
in the formation of the complex. The nature of these elements is 
only weakly suggested by their relatively low sensitivities to irradia- 
tion relative to those of either the host’s or virus’s survival. How- 
ever, this circumstance has made possible the interpretation of 
experiments involving irradiation of the developing virus-host 
complex to be discussed later. 

Interference Between Unrelated Viruses. As far as we now 
know, the infection of a cell with two viruses which are unrelated 
to each other morphologically or serologically results in the forma- 
tion of a complex which is capable of liberating either one or the 
other virus but never both, for when such mixed complexes are 
plated with mixtures of strains of the host (one resistant to one 
virus, the other resistant to the other), the plaques obtained are al- 
ways cloudy. This indicates that one of the indicator strains has 
grown, 1.e., that both viruses have not been liberated (27, 29, 31). 
Since infection by one of the viruses interferes with production of 
the other, this phenomenon has been termed the “interference” 
phenomenon. As we shall see, the more detailed studies of this 
phenomenon suggest that two viruses may compete for elements 
of the host which are essential to both. 

When a cell is infected simultaneously with T, and T, the com- 
plexes formed are capable of yielding only T,. Moreover, the 
“latent period,” or time interval between infection and lysis, is 21 
minutes, the time characteristic of lysis by T, rather than 13 min- 
utes which is characteristic of lysis by T, (31). T. may be said 
to be “dominant” over T;. Similarly T; is slightly dominant over 
T,. Ty. is dominant over T;, so the three may be arranged in a 
series of dominance T, > T; > T, (27). It would be interesting 
if other viruses in the T set could be placed unambiguously in such 
a series of dominance with unrelated strains. 

The dominance of one virus over another can be overcome by 
infecting the host with the latter virus before exposing it to the first. 
For example, if T, is given a five minute “head start” over T., 
most of the complexes liberate T,. These data first suggested 
that the several viruses competed for a single “key enzyme” moi:- 
cule present in the host and necessary for the multiplication of 
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viruses. The virus, in mixed infection, which first engaged the 
“key enzyme” molecule was thus supposed to interfere with the 
others (31). The interval between adsorption and capture of the 
key enzyme would determine a virus’ position in a dominance 
series. 

Extended studies of interference between T,, T, and T;, has 
shown, however, that the virus whose multiplication is blocked 
can decrease the yield or burst size of the successful one. This 
“depressor effect” diminishes as the interval between the adsorp- 
tion of the two viruses increases, and vanishes at a time which is 
characteristic of the strain of virus that is eventually liberated 
from the cell in question (27). 

Further data came from experiments using antisera against the 
competing viruses. A virus host-complex is immune to antisera to 
the virus. This is taken to indicate that antibodies cannot pene- 
trate the infected cell, although the antigenic identity of “intra- 
cellular virus” and free virus particles, with which antisera are 
made, has not been demonstrated. Now the virus yield in mixed 
T,, T; infection was observed to be increased by antiserum to the 
depressor virus added after its adsorption. It thus appeared that 
the depressor virus could lie only on the bacterial surface where 
it would be subject to attack and inactivation by its antiserum (27). 
As in the exclusion of all but one sperm in the fertilization of mono- 
spermic eggs, the unsuccessful virus was pictured as being excluded 
from the cell by a membrane which spread rapidly over the cell 
and attached daughter cells, too, soon after entry of the first par- 
ticle. Even here, however, it was considered to be able to com- 
pete with the successful virus for some substrate made by the cell 
and required by both, thereby depressing the multiplication of the 
intracellular particle. 

Certainly the depressor effect suggests competition between 
viruses. The interference phenomenon might well be the result 
of such competition for a number of host elements or enzymes, one 
virus almost always monopolizing the supply in a series of unex- 
pectedly rapid reactions following adsorption. The work on mixed 
infection was begun in the hope of inducing host cells to lyse 
through the action of one of the viruses (e.g., T:, whose latent 
period is only 13 min.) before the other virus (T>2, latent period 
21 min.) could have done so, thus revealing intermediate stages in 
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the “multiplication” of the slower virus. Until now the techniques 
used in studies of interference could detect only fully active virus. 
The phenomenon should be reexamined with electron microscopic 
and chemical techniques which might reveal the presence of inter- 
mediate non-infectious stages in the development of the complex 
between the unsuccessful virus and the host constituents. 


Contributions of the Virus 

Here again much of the data comes from experiments in which 
ultraviolet irradiation has been used as a means of destroying ele- 
ments of the virus particle, and reducing its ability to form an ac- 
tive virus-producing complex after combining with the host. The 
results obtained depend in a striking fashion on whether the com- 
plex is formed from the combination of the host with one or with 
more than one virus particle, and whether they are of the same 
or of different type. 

Single Infection. In studying the inactivation of a virus by 
ultraviolet, one ordinarily irradiates samples of the virus with 
various ¢ ses, and then dilutes the suspensions in nutrient medium 
before making up the adsorption mixtures with the host cells for 
assay by the plaque-count method. By the procedure the ratio 
of virus particles to bacteria is 0.001 or less, and the fraction of 
cells having more than one virus particle adsorbed on it as a con- 
sequence will be less than 0.000001 (Eq. 1). Under such condi- 
tions of single infection it is found that the fraction, y, of virus T, 
or T; which can form active virus-producing complexes decreases 
with the doses of irradiation, D, exactly according to the “one hit” 
relation: 

y ‘ii ead. ( 1 1 ) 
Here a is a constant characteristic of the virus and the irradiating 
wave length (46, 57). 

The virus which survives is somehow altered by the irradiation 
(47). The virus-host complexes B:T,, B:T, and B:T; formed 
with survivors exhibit lysis delayed by as much as 18, 3 and 15 
min., respectively. The burst sizes, however, are normal, and the 
virus produced is normal. The effect on the virus is “physiologi- 
cal” rather than hereditary, and demonstrates that some elements 
of the virus may be altered by irradiation without destroying its 
“viability”. It would be important to know whether these effects 











REACTIONS OF BACTERIAL VIRUSES 489 


are due to a breaking of chemical bonds, to the formation of stable 
structures isomeric with the intact virus, or to the storage of vibra- 
tional or electronic energy in the virus particles. In connection 
with the latter possibilities it was noted that the irradiated virus 
did not “recover” its rate of lysis after incubation for a day at 5°. 

Irradiation of either B:T, or B/r:T, (B/r is the UV-resistant 
strain of B (73) immediately after their formation gives one-hit 
curves for destruction of the virus-producing complex (57). The 
rate constant, a, is reduced only slightly below the value for free 
virus, presumably by the partial shielding which the less sensitive 
cellular constituents afford the virus elements. Similar results 
are obtained with B:T; and B/r:T;. An interpretation of these 
killing effects comes from recent studies of multiply infected cells. 

Multiple Infection. The irradiation of B: (T2)m, freshly formed 
by the combination of a number, m, of T. particles with a single 
host cell, yields (57) “multiple hit” curves for its survival as a 
producer of virus: 

y=1-(1- e*)" (12) 
The theoretical number of hits, n, corresponded rather closely to 
the multiplicity of infection, m. This would be the expected re- 
sult if each of the adsorbed particles were able to contribute inde- 
pendently to the formation of a virus-producing complex. How- 
ever, in multiple infection the apparent sensitivity (a) of the ad- 
sorbed particles turned out to be much smaller than might have 
been anticipated from the results of irradiation of singly infected 
cells. The questions raised by these puzzling observations seem 
to be answered by Luria’s recent important studies on the effects 
of multiple infection with virus which has been inactivated by ultra- 
violet irradiation. 

He finds (52) that if irradiated T, suspensions are assayed un- 
der conditions in which an appreciable number of the bacteria used 
for assay have adsorbed more than one partially inactivated par- 
ticle, the number of active virus-producing complexes formed is 
much greater than would be formed if the bacteria have been singly 
infected. Indeed, the number of active complexes formed by T, 
particles which have received three or four lethal doses (a D=3 
to 4 in. Eq. 11 as estimated by single infection assays) is equal 
within experimental error to the number of host cells which have 
adsorbed two or more virus particles. It is as though an inacti- 
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vated T, particle adsorbed on the host cell could be reactivated by 
another inactivated T, particle adsorbed on the same host cell. 
Pairs of T, particles which have received progressively larger 
doses of irradiation show decreasing capacities for producing ac- 
tive virus when adsorbed on the same host cell. These phenomena 
are exhibited by the phages T,, T, and T, as well as by T;, but 
not by T,, T; or T;. Inactivated even-numbered viruses can be 
reactivated by other even-numbered serologically and morphologi- 
cally related viruses, but not by T; or by the other odd-numbered 
unrelated viruses. 

By analogy with the observed (29, 41) transfer of genetic 
characters between phage particles growing in the same host cell 
(see Genetics of Viruses), these data suggest that transiers be- 
tween elements which have been destroyed by irradiation can 
occur in the virus-host complex. A single such “lethal” in any 
phage particle renders it incapable of forming an active virus-host 
complex by single infection, for in it at least one element of the 
set of constituents which it requires to be active has been de- 
stroyed. Hence the “one hit” curve for single infection referred 
to in the previous section. The missing elements can be supplied 
by a second virus particle if none of the alleles of the missing 
elements has been destroyed by the irradiation of the second 
particle. On this basis the number of such essential elements 
can be estimated. A complete set must contain considerably 
more than three elements, since three hits per particle hardly 
reduce the chances for pairs of particles to produce active virus- 
host complexes in combining with a single host cell. An esti- 
mate of the number has been made from a statistical analysis of 
the decreased efficiency with which pairs of virus particles which 
have received five or more hits can complete each others sets 
of damaged loc’. The analyses indicate that the even-numbered 
viruses must have between 35 and 50 essential loci, in each of 
which lethal mutations of this sort can be produced by ultraviolet 
irradiation. 

Incidentally the fact that irradiated even-numbered phages can 
reactive each other after adsorption on the host indicates that 
they can complete each others sets of loci; these related viruses 
possess allelic elements. Although not yet proven, it seems likely 
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that these elements are those which determine inheritance in 
these viruses. 

Lysis Inhibition. We now turn to a rather odd phenomenon 
observed when certain strains of virus are adsorbed on a virus- 
host complex rather late in its development (33). Stocks of 
T. T, and Ts, contain two types of phage. One, designated by 
the symbol “r”, produces rapid lysis of broth cultures of B and 
gives clear plaques. The other, designated by “r*”’, usually 
predominates—hence the “+” to designate “wild type” in ac- 
cordance with genetic notation in other forms. The latter type 
gives visible lysis of turbid broth cultures delayed by five hours 
or so. On the other hand, the two strains, r and r*, lyse highly 
diluted broth cultures at the same times after infection. 

Inhibition of lysis has been shown to be produced by the T.r*, 
T,r* or T,yr* phage particles themselves; liberated from a few 
phage-producing centers when the bacteria begin to lyse, they 
prevent lysis when they are adsorbed on the remaining centers 
which are about to lyse. The r strains do not do this. Apparently 
the addition of some virus constituents present in the r* particles 


to complexes of related virus strains has the effect of delaying 
lysis of such complexes. The mechanism is still obscure. 


GENETICS OF VIRUSES 


Spontaneous Mutation. When a bacterial virus is assayed 
by counting plaques produced by singly infected host cells, each 
plaque contains between 10’ and 10° virus particles, members of 
a single clone of virus particles. Usually the majority of the 
particles in a clone are phenotypically similar and presumably 
possess the characters of the original particle. On closer examina- 
tion of such clones, however, it is found that a small portion of 
the particles differs phenotypically from the majority. 

Thus Hershey finds (41) that r plaques arising from a strain 
of T., designated T,Hhr*, contain about 0.1% of virus particles 
which produce r plaques and are therefore designated T,Hhr. 
Evidence for the reverse transition has not been discovered by 
the analysis of simple r plaques. However, after serial passage 
on broth cultures of B T.Hhr, stocks always revert to the r* 
type. Apparently the transition r—r*+ occurs with a much 
lower frequency (~10*) than the reverse, rt > r (~10°); 
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type and outgrows it. Such strains of r* recovered from the 
reverse transition revert to r with the same apparent frequency 
as the original parent strain. This suggests that the r—r* is 
truly the reverse of the original mutation r* > r. 

After more experience with the material, Hershey was able 
to observe reversible phenotypic mutations to four degrees of 
lysis inhibition. The mutation pattern which he observed is 
understandable in terms of three independently mutable factors, 
each contributing to lysis inhibition. The most frequent muta- 
tions he observes are in all cases those leading to Jess lysis 
inhibition. In spite of this, the non-inhibiting clones invariably 
revert to wild type after extensive serial passage. No obvious 
changes in host range are connected with these mutations. 

Luria first studied host range mutations of T, and T, (48). 
A large series of individual T, and T, cultures, started by the 
action of only a few virus particles growing on B in broth, contained 
after incubation an average of about one T,’ particle or T,’ particle 
(active on B/1 or B/2, respectively) in 10’. Both the T, and 
T, cultures contained extremely variable proportions of the mutant, 
however, evidence that the changes were true mutations which 
occurred at random in the growth of the cultures rather than 
qualitative changes affecting equal proportions of virus in the 
separate cultures. Hershey obtains (41) similar results with host- 
range mutations in single clones of T,H and has shown that at least 
some of them appear to be truly reversible. Moreover, host range 
mutations and the plaque type mutations occur independently in his 
material. 

As our acquaintance with these viruses becomes broader it will 
be possible to recognize more types of phenotypic character. For 
example, the co-factor requirement of wild type T, and Ty, is 
lost by mutation to types which do not require added co-factor 
(T. F. Anderson, unpublished). 

Since such alterations in character have so far not been de- 
tected as a result of treatment of virus particles with UV, X-rays 
or heat, it is supposed that they arise through aberrations in the 
biosynthetic pattern. The mechanism of the biosynthetic proc- 
esses is unknown; such aberrations in these patterns are there- 
fore termed “spontaneous mutations”. 


but in broth, at least, the r+ has a selective advantage over the r 
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True estimates of the frequency of spontaneous mutations in 
viruses, as in other biological systems, will have to await an 
understanding of the mechanisms of virus and gene production. 
Even then the data on large clones will be ambiguous unless we 
understand how such factors as multiple infection and selection 
influence the proportion of each of the types in the population 
chosen for analysis. For example, in the young clones of phages 
those types having higher rates of adsorption and shorter times 
of lysis will tend to be favored. In the old clone, however, since 
the particles adsorbed on developed virus-host complexes may 
be inactivated, the types with higher rates of adsorption may 
tend to be eliminated as the clone exhausts the available uninfected 
host cells. Multiple infection may influence some mutation 
rates. If so, old clones such as plaques or lysates will be 
difficult to analyze. Many of the particles in such a clone 
doubtless arise from multiply-infected cells: on agar, those ad- 
jacent to the spreading plaque; in heavy broth suspensions, the 
last of the bacteria to lyse will be multiply-infected. These 
difficulties are well realized by workers in the field. Those in- 
volving population dynamics can be overcome. The mechanism 
of gene production is the crux of many biological problems. 

The advantages of virus material for the study of mutation are 
obvious to workers in the field. The cheapness, ease and 
rapidity with which huge clones can be grown and analyzed are 
factors which, together with the relative chemical simplicity of 
virus material, justify the hope that inheritance will eventually 
be explainable in the language of physical chemistry. On the 
biological level, at least, much of our information will come from 
studies of mixedly infected bacteria to which we now turn. 

Exchange of Characters between Related Viruses. Early in 
1945 (cf. 30) Hershey discovered that mixed infection of B with 
T.rt and T.r gave rise to mottled plaques which he showed con- 
tained both type of virus. Apparently, mixed infection of single 
host cells had produced complexes which formed both kinds of 
virus. Since then both he (40, 41) and Delbruck and Bailey 
(30) found that many bacteria, multiply-infected with pairs 
having host range markers (T2, Ts), (Ts, Te), (Ts, Te), produce 
both of the infecting types. “Mutual exclusion” breaks down 
more frequently in pairs involving T2, less frequently in those 
involving the pair (T,, Ts) (30). 
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A still more interesting and important phenomenon is observed 

when more than one pair of phenotypic markers is used in the 
infecting pair (30,41). Thus infection with the pair (T,r, T.r*) 
yields, besides the infecting pair, also the viruses (T,r* and Ter). 
Similar phenomena occur in other pairs of viruses. Delbruck 
speaks of these as “induced mutations”; not only does Tyr 
“induce” T,rt to become Tyr, but Ter* “induces” T,r to become 
T,r*. The nature of the phenomenon can better be appreciated 
from experiments involving more than four phenotypic markers. 

Hershey (41) has studied the populations in plaques produced 
by B infected by the pair (T,h*r, T,h*h'r+), each of which breeds 
true (h” and h® refer to altered host range from wild type h’*). 
All but one (T-h’r*) of the eight possible combinations of the 
characters were found in the population. How much reshuffling 
of the characters occurred in the parent complex, and what part 
selection played in determining the population figures given, will 
have to come from further studies, e.g., of single bursts. The 
variety of hybrids which Hershey obtains is strong evidence 
that genic factors in viruses are separable. It seems that this 
great number of possible combinations of such genic factors 
“serve (s) in nature to multiply the seemingly unlimited array of 
existing types... .of viruses” (41). 

Recently Hershey and Rotman (41a) have extended these studies 
by examining crosses between some 15 independently arising r 
mutants designated T2Hrl to T2Hr15. Each mutant grown by 
itself bred true, producing wild type, r*, very infrequently. The 
progeny of mixed infections after one-step growth all contained 
relatively large proportions of wild type, indicating that exchanges 
of genic character between types occurred and that the mutants 
were all different. The crosses fell into two classes on the basis 
of the percentages of wild type they produced, suggesting that 
there are two independent linkage groups of r loci. “The exist- 
ence of some kind of linkage system conditioning segregation and 
reassortment of genetic factors among viral particles seems quite 
clear, but it remains to be learned whether reciprocal or even 
material exchanges are involved”. 




























DEVELOPMENT OF THE VIRUS-HOST COMPLEX 


So far we have discussed the virus particle, its adsorption on the 
host and the manner in which the biological composition of the 
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resulting complex affects the virus products which are ultimately 
formed. It was always evident that some process occurred in the 
infected host to cause it to liberate new virus particles, but until 
recently no experimental evidence of the nature of these processes 
was available. Recently experimental proof of the changing nature 
of the complex has been provided by many lines of investigation. 
As yet the confusing multitude of clues gives only a vague picture 
of the developmental processes. 

Effects of Radiation on the Developing Complex. We have al- 
ready seen that two minutes after their formation, B:T, and B:T, 
complexes are only slightly less sensitive to ultraviolet irradiation 
than the free virus particles themselves. For both free virus and 
freshly formed complexes one-hit inactivation curves are obtained. 
However, starting five minutes after its formation the sensitivity 
of a suspension of B:T, falls off rapidly until 12 minutes after 
infection the rate of inactivation is only about one-fifth its initial 
value (57). As the complexes develop still further, however, their 
average sensitivity rises two or three-fold again until lysis occurs 
at 21 minutes. 

The initial decrease in sensitivity could easily be accounted for 
by assuming an increase during development in the number of 
phage-producing units, the number varying widely between in- 
dividual B:T,.’s about a mean value in accordance with the varia- 
tions which are observed in individual burst sizes. It is the un- 
expected later increase in sensitivity which makes the data impos- 
sible to interpret without an additional postulate. In this connec- 
tion it seems most significant that for multiple infection the develop- 
ment reaches in only six minutes the stage of minimum sensitivity, 
which is reached in 12 minutes in single infection. Still the time 
of lysis and average burst size are reported to be the same in single 
and multiple infection (24, 31). 

Luria and Latarjet (57) see the initial decrease in sensitivity as 
being possibly caused by an accumulation of absorbing material 
around the phage particle within the host. The subsequent in- 
crease in sensitivity is taken to indicate “that, as phage multiplica- 
tion proceeds, the apparent sensitivity of the intracellular phage 
particles returns to higher values”. 

Using X-rays to inactivate growing intracellular T,, Latarjet 
(45a) finds that for seven minutes after its formation the resistance 
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of the complex is equal to that of the free veins, then from seven 
to nine minutes the resistance increases. Starting at ten minutes 
multiple-hit curves are obtained, increasing in multiplicity until 13 
minutes when an average multiplicity of 130 is obtained but with a 
resistance approximately twice that of the free virus particle. From 
13 minutes until lysis at 21 minutes the curves retain their multiple- 
hit character, but the resistance to X-rays slowly decreases to that 
of the free particle. 

Clear cut evidence for the formation of intracellular virus has 
been obtained by Doermann (33a) who has lysed B: T, at intervals 
after infection, using an excess of T, and KCN for this purpose. 
Complexes lysed by this technique liberate no infectious T, particles 
until about 14 minutes after infection when an average of one per 
complex is found. The number of T, particles liberated then in- 
creases linearly until the normal burst size is reached in 28 minutes. 

Similar results have been obtained by the use of sonic vibration 
to disrupt the infected cells. Since the phages T,,T,,T; and T, are 
rapidly inactivated by sonic vibration, this method is limited to the 
small phages T,, T; and T; which are resistant (7d). B:T; was 
found by either the sonic or KCN-T, method not to contain infec- 
tious T; particles until some 13 minutes after its formation (under 
the experimental conditions employed). A rapid increase in Ts 
liberated per complex then occurred (well before normal lysis com- 
menced at 18 minutes), and by 25 minutes had reached the number 
liberated by normal lysis. 

From the results outlined in this section it appears that in infect- 
ing a host cell the incoming particle retains its X-ray sensitive 
volume for some time, but in this period it changes its state by 
combining with host material or otherwise, so that it can neither 
produce daughter particles nor infect other host cells after its com- 
plex with the host cell has been disrupted. Eventually in the intact 
complex this form apparently establishes regions equal in number 
to the burst size at which virus particles are later assembled. These 
regions have roughly half the sensitivity to X-rays exhibited by 
the free virus and are incapable of completing virus particles when 
the cell is lysed prematurely. Within the complex, however, com- 
pleted virus particles are assembled at these regions, and these 
may be liberated by either normal or artificial lysis of the complex. 
As will be discussed in a later section, the completion of the even- 
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numbered viruses correspond in time at least to the synthesis of 
desoxypentose nucleic acid. 

Variations in Light Scattering. The variation in turbidities 
(33) of B:T,r* and B:Tyr suspensions clearly indicates that rather 
extensive changes occur during the development of the complex. 
Immediately after five-fold infection the light scattering from an 
actively growing culture of B in broth begins to drop and in a few 
minutes reaches a minimum 20% below the initial value. The 
scattering power then rises to 95% of its initial value just before 
lysis. 

The author has observed (4) a similarly abrupt 40-60% de- 
crease in opacity of a heavily UV-irradiated culture of B grown 
in ammonium lactate medium when an excess of T2, T, or Ts (the 
latter two with tryptophane) is added. An electron microscopic 
examination of such preparations showed that many cells had dis- 
integrated in the presence of the virus. Naturally such prepara- 
tions did not recover their original opacity after continued aeration 
as did those in Doermann’s experiments (33). This lytic activity 
of T2, but not of T, or Ts, could be separated from the major frac- 
tion of the virus particles by heavy ultraviolet irradiation of the 
virus. It would be most interesting to see whether this lytic frac- 
tion of T, could produce some of the effects observed by Doermann. 

It is reported that the initial drop in turbidity of normal cells is 
not due to lysis, as shown by plaque counts (?), but is due to some 
change(s) in the light-scattering power of the bacteria brought 
about by the adsorption of the virus or its penetration into the 
cell. The scattering of light of the type dealt with here is, in gen- 
eral, due to gradients in refractive indices; differences between the 
refractive index of the cell or of its component parts and the refrac- 
tive index of the surrounding medium are responsible for the 
observed scattering. A release of material from the cell, for ex- 
ample, could effect a reduction in the effective refractive index 
gradients and a reduction in light scattering. 

Preliminary experiments (T. F. Anderson, unpublished) indi- 
cate that material, not sedimentable at 4000 rpm and having an 
ultraviolet adsorption spectrum similar to that of nucleic acid, is 
indeed released into the medium within five minutes after T, has 
been adsorbed on B in ammonium lactate medium. The material 
is released on single infection, has about five times the optical 
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the multiplicity of infection is increased. 

Cytological Studies. A preliminary account of microscopic 
studies of B:T, (57) indicates that soon after adsorption of T, 
the Giemsa- and Feulgen-staining “nuclear” bodies of the host 
disintegrate, and staining material migrates to the cell surface. 
The total amount of staining material then rapidly increases until 
the cell appears to be filled with tiny staining granules. If these 
granules turn out to contain high concentrations of desoxypentose 
nucleic acid, as might be supposed and as T, and in fact B:T, at 
this stage do (see infra), the granules might well represent nascent 
virus particles. It is to be hoped that a full account of these studies 
will soon be available, even in the absence of a logical theory of 
their significance. 

Biochemical Syntheses. The pattern of biochemical synthesis 
of a host cell is altered by the adsorption of a virus particle on it, 
and indeed progresses through various stages as the development 
of the virus-host complex proceeds toward lysis and liberation of 
new virus. For example, Cohen finds (18) that the total protein 
content of the B:T.r* complex increases linearly, starting at the 
moment of virus adsorption. In contrast, of course, a logarithmic 
increase is observed in uninfected host cells. However, desoxypen- 
tose nucleic acid, of which this virus contains 34 per cent (19), 
does not begin to accumulate until ten minutes later. Its rate of 
increase is then much greater than that in the uninfected host and 
is also linear until a point is reached at which the ratio of synthe- 
sized desoxypentose to synthesized protein is that of the virus. 
At this point the rates decrease and lysis begins. Ribose, an im- 
portant constituent of a number of coenzymes but apparently lack- 
ing in the virus, does not accumulate during development. 

From radioactive tracer experiments (18, 62a) it appears that 
some 77 per cent of the phosphorus of T, and T, virus (of which 
the major fraction is in desoxypentose nucleic acid) is derived 
from the medium, 23 per cent from the host. The results of tracer 
experiments using labelled hydrogen, carbon, nitrogen, oxygen, 
phosphorus, sulfur, etc., will be awaited with interest. 

A number of studies of the nutritional requirements of B:T, 
have been made using various techniques. In one of these host B 
are grown in nutrient broth, washed by centrifuging and suspended 


density (at 2600 A) of the added virus and increases in amount as 
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in synthetic (F) medium to which a single prospective growth fac- 
tor has been added. When one-step growth curves are made it is 
found (20b) that average bursts on F medium alone are only 20 
or less and considerably delayed, while seven amino acids added 
separately to F increased or accelerated the production of virus. 
Other naturally occurring amino acids inhibited virus synthesis in 
the simple medium. A “complete” medium containing naturally 
occurring amino acids, including those which inhibited synthesis 
when alone, gave one-step growth curves essentially similar to those 
obtained in nutrient broth. 

In a second technique (35a) B were grown in nutrient broth, 
washed and infected as before, but the resulting B:T, allowed to 
develop in the complete medium from which one of the constituents 
was withdrawn. Nine amino acids and one purine proved to be 
important in determining burst size and latent period by this test. 
Three of these amino acids favored virus production by the previous 
single factor technique, while one of them inhibited virus produc- 
tion when present in F medium alone. Studies of this type are 
difficult to interpret, in particular since infected cells have been 
shown (57a) to be incapable of adapting themselves to new car- 
bon and energy sources. 

Lytic Debris. What becomes of host elements when the cell 
is lysed? This line of inquiry has been neglected in spite of the 
fact that the fates of particular enzyme systems might well depend 
on their participation in the development of the virus-host complex. 
The activities of some enzyme systems are greatly reduced on 
lysis. For example, the rate of oxygen consumption in an am- 
monium lactate medium is unaffected by infection of B with T, 
until the moment of lysis when the rate drops markedly. The sur- 
vival of some enzymes depends on the nutrient or salt in the medium. 
Desoxyribosenuclease is found (17) in T, lysates in broth, but 
not in ammonium lactate. It is not yet clear whether this is related 
to the differences in burst sizes (120 vs 30) observed in the two 
media. It does seem clear, however, that an enzymatic analysis of 
lysates produced by the action of different viruses under different 
conditions would provide evidence for the natures of the several 
virus-host complexes. In addition, providing, as they do, a prac- 
tically unlimited variety of tools for the breakdown of cells, the 
the viruses should prove invaluable in cytochemical analysis. 
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Action of Inhibitors. As mentioned previously, 5-methyl trypto- 
phane (SMT) inhibits multiplication of B, and this action is re- 
versed by addition of tryptophane (6). The compound is a satis- 
factory adsorption co-factor for T,. However, B infected with 
either T, or T, in the presence of 5MT is unable to liberate active 
virus unless “rescued” by the removal of the compound or the 
addition of tryptophane (20). Indeed 5MT inactivates such virus- 
host complexes at a logarithmic rate, even though the compound 
has no such inactivating action on B, T, or T, treated individually. 
When 5MT is added to normal B:T, or B:T, and tryptophane 
added later the latent period is delayed for a time equal to that of 
the exposure to 5MT alone as though the inhibitor had stopped the 
metabolic machinery of phage production and lysis until its action 
was reversed by tryptophane (20a). 

Certain acridines inhibit growth of a certain strain of E. coli and 
growth of a phage within the host as well (35). In these cases 
the inhibition of phage growth is reversed by ribose nucleic acid. 
It is interesting that a mutant strain of coli selected for resistance 
to one of the acridines proved to be resistant to lysis by the phage 
as well, and particularly that the phage resistance appeared to be 
reversed by the addition of ribose nucleic acid. It is difficult to 
tell at the present stage of these experiments whether the acridines 
blocked the adsorption process or blocked some intracellular events 
which follow adsorption. It seems clear that detailed studies of 
metabolic inhibitors and the compounds which reverse their action 
will contribute greatly to our understanding of virus growth, par- 
ticularly if the enzymatic or other sites of their competitive action 
can be localized. 





SUMMARY 


Free virus particles can be studied directly; they have remark- 
ably uniform morphologies within a given strain or group of sero- 
logically related strains. Alone the virus particles are inert. 

They display biological activity only when adsorbed on their 
host cells, or, of course, when injected into animals where they 
elicit antibody formation. Some bacterial viruses need to take 
up substances (co-factors) from the medium before they are ad- 
sorbed on their hosts. Some are not adsorbed in violently agi- 
tated media. In quiet media the adsorption rate can be accounted 
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for by diffusion of the virus to the cell surface when a large propor- 
tion of the collisions results in irreversible adsorption. Mutation 

of bacteria to resistance occurs in the absence of virus, and results 

in the loss of the adsorption mechanism for the virus in question. 

Adsorption of a virus on its host results in the formation of a 
complex between elements of the two, an entity whose properties 
differ in many respects from those of either the virus particle or 
the host. Normal development of the complex leads to the libera- 
tion of new virus particles varying widely in number from cell 
to cell. 

The make-up of the complex and the nature of its development 
have recently been studied by a number of indirect means. Some 
viruses can multiply on cells killed by ultraviolet or X-irradiation, 
but not by heat. It is inferred that elements of the host required 
for the formation of complexes liberating these viruses are rela- 
tively insensitive to ultraviolet or X-irradiation, but are sensitive 
to heat. Elements of the virus, however, are relatively sensitive 
to ultraviolet irradiation, and in multiple infection undamaged 
elements of one virus particle can substitute for the damaged ele- 
ments of another to make up the complete set of virus elements 
which is required for the development of the complex to the point 
of liberation of new active virus. Related virus strains can com- 
plete each other’s sets of damaged elements in this way. 

Mutations of bacterial viruses have not been induced by treat- 
ment of free virus particles, but appear to occur in the development 
of the complex. 

Mixed infection of E. coli by related virus strains leads to the 
production of hybrid types; analyses of the progeny from such 
crosses provide evidence for the existence of several linkage groups 
connecting otherwise independent elements of inheritance in these 
viruses. 

The development of the complex has recently been followed by a 
number of methods. Its sensitivity to ultraviolet irradiation drops 
greatly five minutes after its formation and then rises again just 
before lysis. The sensitivity to X-rays follows a somewhat similar 
pattern during development of the complex but in addition reveals 
the existence of many intracellular centers of virus production well 
before finished virus particles are formed. These finished particles 
can be extracted by several means from the complex before it would 
normally lyse. 
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Metabolic studies show that on adsorption of T, virus on E. coli 
the rate of lactate oxidation remains constant, protein synthesis is 
linear, but desoxypentose production is delayed for five to ten 
minutes, at which time this substance is produced at a linear rate, 
greatly in excess of that observed in uninfected cells. Study of 
the action of metabolic inhibitors and of the compounds which 
block their action offers promise of elucidating many of the factors 
involved in the development of the virus-host complex. Enzymes 
and other constituents of virus-host complexes must be liberated 
on lysis, but their fates have so far not been adequately studied. 
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PLANT AND SOIL WATER RELATIONSHIPS 


By Paut J. Kramer, Duke University. McGraw-Hill Publications in the 
Botanical Sciences. In press 








Gives an integrated discussion of the various factors which affect the absorption 
of water by plants. These factors include the availability of soil moisture, the 
development of efficient root systems, the nature of the absorption process, the 
relation between the absorption of water and the absorption of minerals, and the 
relation between water absorption and other plant processes. The fundamental 
scientific principles are explained as simply as possible, and many applications of 
these principles are described. 


FIELD MANUAL OF PLANT ECOLOGY 


By Frank C. GATES, Kansas State College. McGraw-Hill Publications in the 
Botanical Sciences. 142 pages, $3.00 


This manual gives directions for exercises and experiments which will enable the 
student to begin a study of plant ecology in the field, to gather data which can be 
used to describe various types of vegetation and also to study individual plants in 
relation to their environment. 


HORMONES AND HORTICULTURE. The Use of Special 
Chemicals in the Control of Plant Growth 


By George S. Avery, JR., Brooklyn Botanic Garden; and ELIZABETH B. 
JOHNSON, formerly of Connecticut College. McGraw-Hill Publications in the 
Botanical Sciences. 326 pages, $4.50 


The important new applications of special chemicals to the control of plant growth 
are fully outlined in this timely manual. Application of the growth-controlling 
hormones to cuttings, fruit production, pre-harvest crop control, production of new 
varieties, seedless fruit production, and many other growth phenomena are dis- 
cussed in detail, and popular misconceptions regarding hormone use in the control 
of plant growth are clarified. 


FIELDBOOK OF NATURAL HISTORY 


By E. LAavuRENCE PALMER, Cornell University. 682 pages, textbook edition, 
$5.00 


Here, in one convenient volume, is an extraordinarily comprehensive guide to natu- 
ral history. The book includes birds, fish, plants, rocks and minerals, the stars, 
mollusks, and mammals—more than 2,000 items and hundreds of pictures arranged 
and tabulated for easy reference. 


Send for copies on approval 








McGRAW-HILL BOOK COMPANY, INC. 


330 WEST 42mo STREET, NEW YORK 18, N. Y. 














TRIARCH BOTANICAL PRODUCTS 


Fine Microscope Slides for Critical Botanists 


* * * & # 


Nothing can take the place of a good microscope slide in 
botany instruction, especially to show clearly that struc- 
ture is a basis for function. However, the slide must be 
good, even though it is not perfect. If the slide can be 
beautiful as well as clear, it becomes a fine piece of teach- 
ing equipment. 


TRIARCH slides, we believe, embody these points more 
completely than any other slides on the market, as we stain 
them regularly with our famous quadruple combination of 
safranin, crystal violet, fast green and gold orange, unex- 
celled for tissue differentiation. Also, as we stain all 
sections by the same schedule, our slides give you com- 
parative checks on age and development of tissues. Many 
cytological points are emphasized by Triarch stain, and 
host-parasite relations are clearly demonstrated in patho- 
logical tissues. 


Increasing numbers of botanists are realizing the teaching 
value of Triarch slides, together with the convenience of 
Triarch accuracy and prompt service, as evidenced by the 
fact that we are now shipping out more than 10,000 slides 
per month. Over 650 colleges and universities in 19 dif- 
ferent countries are now counted among our customers. 


If you are not already one of our patrons, send for our 
current catalog, No. 7, which lists over 350 regular catalog 
items, heavily stocked, together with many supplementary 
structures for special orders. 


* * *£ * 8 


Geo. H. Conant 


Triarch Botanical Products :: Ripon, Wisconsin 
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